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CHAPTER 1

LITERATURE REVIEW




1.1. THE PROCESS OIF LYMPHOCYTE TRANSFORMATION

l1.1.1l. General cansiderations

Vertebrates possess a surveillancc mechanism, the
immune system which specifically recognises and selectively
eliminatecs foreign invaders (i.e. antligens). This immune
protection is achieved by the cooperation of two systems
the humoral and the cellular immune response, each one
resulting from the activity of two populations of morpho-
legically indistinguishable lymphoid cells; the DB-cells
which initiate the humeral, and the T-cells which initiate
the cellular immane responses.

There are two fundamentally different forms of cellular
immine responses depending on the type of P-cells involwved.
One type recognises and reacts with antigens on target
cells. The second type is active in delayed btype hyper-
sensitivity reactions (DTH): binding of the antigen on
the surface of T-~cells triggers a state of activation
characterized by cell~enlargement and also increased cellular
activity, and leads to cell differentiation and division.
However, literature data indicate that lymphocyte activation
deoes not necessarily lead lo prolilferation and synthesis.of
deoxyribonucleic acid (DNA}, ice. activated lymphocytes
have to be committed to DNA synthesis. Lymphocyteslapart
from being activated by antigens, can also bhecome activated
uponr interaction with mitogens including plant lecthins
such as phytohaemagglutinin (PHA)} and concanavalin A {ConA)
(Chess et al., 1975; Ling & Kay, 1975), or they can also be
activated by products of microorganisms (Taranta et al.,

1969; Greaves & Janossy, 1972; Rodey et al,, 1972). Mitogens




are polyclonal and, therefore, they induce a much greater

response in lymphocytes in vitro than antigens, which

activate only few clones of cells. Lymphocyte preliferation
and differentiation is associated with secretion of substances
(i.e. Llymphokines) which attract and activale macrophages
which, in turn, eliminate the antigen. T-lymphocyte

activation and transformation, therefore, play the kev role

in inducing DTH reactions, and factors which affect either
process will, in consequence, affect cell-mediated immune
responses. Many factors have been shown to alffect T-cell

activation and proliferation among which is the existence

of several kinds of accessory cells. These cells are mecessary
to present the auntigen te the lymphocytes and also to secrete
substances which enhance T-ce¢ll activation. Antigen~ or
mitogen~triggerced lymphacyte proliferation also depends on £

factors which affect the degree of transformation-associated

cellular activity. The elevated activity in'proliferating
cells reflects, primarily, increased synthesis of ribonucleic
acid (RNA) and DNA and also synthesis of metabolically E
important compounds, proteins and enzymes, which include é
metalloenzymes and cytochromes. An important component for

the synthesis and activity ol these metallocenzymes éud
cytochromes is iroun. Availability of dirom during the synthesis

of these molecules will, therefore, affect the rate of their

production, and inadequate iron-delivery may be reflected
in impaired proliferation of activated T-lymphocytes. It
is this aspect of cellular activity, and its role in

lymphocyte trausformation which formszs the basis of the work

reported in this thesis. %




lsle2. Mitogenic activation of T-lyvmphocytes

Bindiug of the mitogen on the lymphocyite cell membranse
is a crucial first step in the activation of lymphocyvtes

as demounstrated by the finding that sugars which prevent

binding of the lectin also inhibit lymphocyte activation i
and transformation (Borberg et al., 1L968; Powell & Leoun, f
1970). This has led to lhe hypothesis that recceptors
containing an oligosaccharide moiety specific for the lectin
exists on the lymphocyte membrane (Ling & Kay, 1975).
Glycoproteins associated with lectin-binding have been
isolated from the cell membrane of lymphocytes {Ling & Kay,
19753 Stobo, 1977), and they have been shown to coutain

the sequence: —P-galactose .——-p sialic acid (Novogrodsky,

1973). Since lymphocytes bind similar numbers of lectin
molecules irrespective of the type of lectin (Stobo et al.,
1972; Bold et al., 1975), and glycoproteins isolated from

the plasma membrane of lymphocytes by affinity chromatography .E

with different lectins are essentially the same (Henkart & %
Pisher, 1975), it is concluded that a common receptor ‘
molecule for the mitogenic lectins may exist. Similarly,
it has also been reported (Hellstrom et al., 1976) that
T-lymphocytes have a commnon receptor for ComndA and PHA, and

recently Palacios & Moller (l98l ) have shown that OKT3

antibody, ConA and PHA trigger T-lymphocytes through the
same receptors.
Binding of the mitogen does not mnecessarily lead to

lymphoecyte activation. A crucial number of mitogen molecules

a1 R ., —
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mist bind to the lymphocyte surface in such a way as To )




provide a sufficient surface stimulus, and also there must
be a linkage between events occurring at the surface and
inmer mechanisms of cell-activation (Stobo et al., 1972 ).
Literature data indicate that the proliferation of lvmphocytes
in response to mitogens (or antigens) is initiated by the
cross linking of the receptors exposed on the cell-surface
(Greaves & Janossy, 1972; Lindahl-Kiessling, 1972; de Petris,
1974; Rao, 1982). Interaction of ligands with surface
receptors on lymphocytes leads to rapid changes it the
surface membrane and to "cap" formation, as indicated by
treating lymphocytes with fluorescein-labelled Conéd at 3?00
(de Petris, 1974; Rao, 1982). S5ince "cap" formation is
found to be affected by cylboskeletal modulating agents

such as colchicine (de Petris, 1974; Albertini et al., 1977)
or cytochalasin B {de Petris, 19743 Yahara & Edelman, 1972),
it has been suggested that "cap' formation is the result

of the interaction of receptors with microtubules and micro-
filaments in the cell cytoplasm, and the disruption of

these elements leads to alterations in the mobility of the
surface receptors (Yahara & Edelman, 1972). Rao (1982)

has shown that adenosine triphosphate (ATP)-dependent sliding
of membrane-associated actin and myosin filaments was
responsible flor the accumulation of ConA-«receptor complexes
into a "cap" onrn the cell membrane, and they also showed

that Y"cap" formation was associated with the degree of the
mitogenic response. These results indicatc that "cap®

formation might trigger events which lead to proliferation.

Polymerisation of actin in lymphocytes has alsc been implicated




as a possible signal for mitogenesis (Rao, 1984). Furthermore,
Edelman (19?6) has suggested that a signhal for initiation
of DNA syunthesis is mediated by an assembly ol interacting
macromolecules consisting of cell surface receptors,
microtubules and actin-containing microfilaments. However,
the exact role of microfilament~formation and actin

polymerization in the mitogenic (or antigenic) stimulation

of lympliccytes remains to be explained. . #
In an attempt to further clucidate the cellular
mechanisms invelved in mitogen activation, studies of bio—
chemical events associatcd with mitogen-~activation of
Lymphocytes have bheen performed. These studies demonstrated
that within minutes of addition of the mitogen, there is a
marked increase in the membrane traunsport of small mcelecules
(van den Berg & Betel, 1971; Ling & Kay, 1975) aud ilons
(Crumpton et al., 1975; Ling & Kay, 197%) and also an increase

in membrane-lipid turmovexr {Fi&her & Mueller, 1968; Crumpton

t ala., 1975) and in the levels of cyclic adenosine monow~

phosphate and enzymes (Smith et al., 1970: Ling & Kay, 1975).
Histone acetylation also occurs (Hirschhorn et al., 1969).
The rate of protein symnthesis is increased, teoo, as indicated %
by gquantitative cytochemical studies in small and activated
lvmphocytes and also by the increase in the rate of incor—
poration of labelled precursors into newly synthesised
protein (Ling & Kay, 1973%). The formation of large protein
aggregates in stimulated lymphocvies appeared to be generated
from pre-formed and newly synthesized proteiuns (Levy &

Rosenberg, 19?3). These early morphological and biochemical




events are thought to be invelved in the activation of

previcusly repressed genetic loci (Stobo, 1977) .

1.1.3. Cellular reguirement for activation aof T-lymphocytes

Studies on more purified lvmphocyte populations have
suggested that the criginal idea that a lymphocyte could
combineg with its stimulant and then underge activation is

an oversimplification. It is now well established that

lymphocyte activation by antigens or mitogens requires
interaction with different cells. Both the dirvect interaction
between lymphocytes brought imto contact by agglutinating

stimulants and interacbions with adherent cells are involved.

1.1.3.1. Lymphocyte-lymphocyte interaction

The formation of aggregates which occcurs after the

addition of almost awy mitogen to lymphocoyte cultures has

beern considered to be important iun lymphocyte activation.
Thus, agitation of stimulated cell cultures which prevented
the formation of aggregatbtes also inhibited the mitogenic
response especlially when the cultures were agitated eariy

after addition of the mitogen (Peters, 1972). The inhibitiomn

of Jymphooyte activalion by hyaluronic acid (Darzyunkicwicz

& Balaz , 1971), and also the decreased rate of incorporvation
of labelled uridine into RNA in response to PHA whep the
cells were cultured in medium containing 0.2% agar (Peters,

1972) indicate that ihe reduced response of lymphocytes was

probably the result of imhibition of an interaction between

the cells in the culture. Cooperation among T-cell subsets

has been Tound in synergistic interaction between murine

thymus and lymph node cells (Piguet et al., 1975). The




response of FeR negative T-cells whiclhh were unresponsive

to ConA was also increased by the presence of FcR positive
cells (Stout % Herzeunberg, 1975) and Ta T-cells became
responsive to ConA in the presence of Ta® cells (Frelinger,
1977). B-lymphocytes may also permit a helper effect on

the response of T-cells to mitogens {Delespesse et al.,

1976; Kasahara el al., 1979; Kin et al., 1979) or to protein A
(Kasahara et al., 1980) and they are shown to permit mixed E
lyuphocyte reactions between immunccompetent thymus cells
(Dyminski & Smith, 19T7). The consequence of this communication@%
and what information is transferred from lymphocyte to

lyvmphocoyte remains to be fully elucidated.

1.1.3.2. Lymphocyte~macrophage interaction

With the introducti;n of column filtration techiniques
For routine preparations of lymphocyte cultures with low levels
of contaminating phagocytic cells, it was found that the
response to many of the weaker lymphocyitce stimulants such
as antileuncocyte antisera or staphylococcal filtrate was
lost oxr greatly reduced when purified human 1ymphocytes were
cultured in vitro (Oppenheim et al., 1968). The activity
was restored by the addition of phagocyte-rich populations.
Highly purified cultures of Llymphocyvtes also showed a marked
dependence on the presence of macrophages for their response
to optimum concentration of PHA, and the number of adherent
cells required to induce the response was very small, offten
e more Uthan 0.5% ol the total number (Levis & Robbins, 1970).

Similarly, the proliferation of highly purilied T-lymphocytes




in response to ConA and PHA (Rosenstreich et al., 1976) ar

L0 NaIOh and galactose oxidase (Novogrodsky, 1975) was

markedly enhanced upon incubation with macrophages. The

blastogenic response of antigen~activated T-lymphocytes
was also found to be dependent on the interaction of kot
lymphocytes with macrophages (Waldron et al., 1973; Unanus,
1981l). Further evidence for (he macrophage-reguirement in
T~cell proliferétion also comes from cytological observations
which showed that sensitized lymphocytes adhered to macro-
phages in the presence of the PPD (Salvin et al., 1971).

The importance of macrophages in T-cell proliferation was
found to be due to the requirement by the lymphocytes of

a soluble factor produced by the adherent cells, which

functions as an essential activating signal (Gery gt al.,
1972; Hoessli & Waksman, 1975; Rosenstreich st al., 19763

Mizel & Ben~Zvi, 1980; Smith et al., 1980b;Palaciocs, 1982b;

Maizel & Lachman, 1984}, This lymphocyte-activating factor

or interleukin-1 (IL-l) has been characterised and its

)

function on lymphocyte proliferation (B~ or I'~cells) is now
well established (also see l.l.4), In mitogenic stimulation

of T-cells, macrophages are essential mainly for the

production of IL-1. Triggering is initiated by the inter~

action of the mitogen with its receptors on the T-lymphocytes

{(Palacioes, 1982a). Twcell activation by anﬁigens, however,
requires macrophages not only for 1IL-1 productien but also
for the presentation of the antigen to the T-cells as
indicated experimentally using antibody reactive against

HLA-DR (or Ia in mice) antigemns (Frolinger et al., 19763 éi
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Albrechtsen et al., 19773 Palacios, 1982b).

l1.1.4%, The "commitment"of lvmphocytes to proliferation

It is now well established that meximum commitment of
ivmphocytes to DNA synthesis requires some 18 h exposure to
the mitogen {Weduner & Parker, 1976). Slhorter exposure
times do, however, result in blastogenesis but cells return
to their resting stage within a few minutes after the removal
of the lectin (Sell & Sheppard, 1974), Furthermore, supra-
optimal doses of ComnA which inhibit DNA synthesis, mnonetheless
"prime"” T-~cells to entry into S phase d.e. stimulate them
to enter to Gl phase of the cell cycle (McClain & Edelman,
1976). These results indicalte that activation of lymphocyvies
is not synonymous with commitment to DNA synthesis, and
factors other than the binding of the lectin and the presence
of the co~stimulator IL-=1, are required before cells undergo
DN4 synthesis.

It has been found that T~cells activatea with a mitogen
or auntibody produce interleukin~2 {IL-2), a growth factor
which is responsible for the maintenance of thelr continuous
proliferation (Morgau et al., 19763 Bonnard et al., 1979;
Larsson & Coutinho, 1979; Smith, 1980). Interleukin-2
supported the growth of activated T-cells (Larsson & Coutinho,
1979:; Smith, 19803 Palacios et al., 1981) although resting
T-cells became sensitive to IL-2 when they were activated
(Palacios et al., 1981). TFurthermore, the production of
IL-2 was associated with cell proliferation since OKTS

antibody inhibited IL-2 production and prolifevation of

OKT8" human T-cells (Welte et al., 1983). It has also been

e
.3




reported that in the mouse, the production of IL-2 is
associated with Lylt273" Twcells, while Lyl 2%3% cells
respoud to it by proliferation (Smith, 1980). The production

of IL-2 by stimulabted Twcells has been associated with the

expression on the cell membrane of TL-2 receptors and this
has been confirmed biclogically as activated T-cells
effectively absorb IL-2 from conditioned media preparation
{(Boumard et al., 1979; Robb et al., 1981). In addition,
using a recently described monoclonal antibody, anti-Tac,
that specifically recognizes the IL-2 receptor (Leonard et al.,
1982; Depper et al., 1983) it has been shown that acquisition
of the receptor depends on lectin stimalation (Dcpper et al.,
1983). The literature data therefore indicate that production
of TL~2 receptors is associated with activated lymphocytes
and that their acquisition by T-cells may be one of the
functions of lectin interaction with the cells. However,
given a central role of macrophages and IL-=1"in immuno-
regulation, a question of impoertance concerns what iole

these ce;ls play in the expression of IL-2 receptcrs. There
are no data so far suggesting that concomitant IL~1 exposure
may change the kinetics of acquisition or the density of

IL~2 receptors. It is known, though, that IL-1 promotes

the production of IL-2 by activated Twcells (Smith et al.,
1980a;Hunig et al., 1983) and that both these factors play

a crucial role in T-cell proliferation. Thus two different

models have been postulated to describe the T-cell cycle.
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1) Wagner et al. (1980) posiulated thal Lyl 273" cells
produce IL-2 in responsc to the combined action of antigen
or mitogen and IL-l, and then IL-2 induces DNA synthesis

in precursors of Ly1-2+3+ cells which have been activated

by the antigen to express receptors for IL-2.

2) An alternative model is provided by Lafferty et al. (1980)
according to which there are two sbages:

1. Resting T-cells (either Lyl*2737 or Ly17273™) are
stimulated by the combined action of antigen or mitogen and

IL~-1 derived from accessory cells.

2. The above sensitize the cell to progress to a stage
where the specific requirement Lor antigen or the mitogen
remains but a signal is provided by II~2 which causes the
activated cell to be committed to DNA synthesis.

In conclusion, the lymphocyte stimulation by antigens or
mitogens can be divided into two stlages, the activation stage
(GO to G.; Fig. 1)} and the commitment stage (Gl to 5 ).
Immunological specificity is preserved in the initial
activatibn event, while clonal growth and differentiation

can then be maintained by IL~-2, which acts in Gl rhase from
which cells are committed to enter the phase of DNA syuthesis

(8).

l.1L.5. DNA synthesis by activated lyvmphocyvtes

The mature of the signal for the initiation of DNA
synthesis is not yet fully understood, but it is thought to %

be a cytoplasmic functiom. The DNA synthesis observed after

activation of lymphocytes is due simply to the mormal replication?
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Figure 1l: Cell-cycls control in T~cells. %

G
g
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(1) Lectin + IL-1 -+ 4 i+ -1 (1) }
- . -2 (2)
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Resting T~cell (GD) is activated into G, by signal (1}, and it will

arrest somewhere in G, unless further stimulation by IL-2 (signal (2))

induces commitment to DNA synthesis.

(From Klaus & Hawrylowicz, 1984).
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of the chromosomal DNA required for mitosis, and follows
the normal semiconservative replication. DNA synthesis
is accompanied by synthesis of ribosomes since low cencentration

of actinomycin which inhibit synthesis of rRNA also inhibited

DNA synthesis (Kay et al., 1969). The induction of sevecral
enzymes is also asscociated with the initiation of DNA
synthesis. Thus increased DNA-polymerase activity was
observed after PHA stimulation and it was followed by é

increased incorporation of jH~thymidine by the stimmlated

cells (Loeb & Agarwal, 1971). Tnereased activity of other
engymes involved in DNA synthesis has also been reported
(Ling & Kay, 1975).

The initiation of DNA synthesis im lymphocytes also
seems to have some requirement for certain metals which are
involved in enzyme activity. These metals include zinc
(Chesters, 1972) and iron {Wrigglesworth & Baum, 1980),
and the requirement for iron is dealt with in detail in

tlie following sectiomn.

1.1.6. The role of iron in DNA synthesis

Although iromn is reguired for many enzymes and coenzymes,
the most important requirement as far as lymphocyte tTransg-

formation is concerned appears to be linked with an irom

requirement for DNA synthesis. ITron is essential
domponent of the enzyvme ribonucleotide reductase (Brown ﬁ
t al., 1969; Moore et al., 1970). This enzyme is a componsnt

of a cytoplasmic enzyme syetem which catalyses the reaction

of the four ribooucleotides to their corresponding deoxy-




ribonucleotides which are essential for the synthesis of

3

DNA. Thus;:
Ribonuclecotide deoxyribo-
Ribtonucleoside reductase , deoxyribonucleoside nueleotide
-_ ! = e a = ” -_ , -'l& . K
di-phosphates SY s tem di-phosphate phosphokinase.
deoxyribonucleoside DNA

C ey b DNA
tri-phosphates holymerase v

In mammalian tissues the reductase system consists of three

major protein components; a ribonucleollide reductase, a

thioredoxin polypeptide and a ilhioredoxin reductase. The

reduced form of thioredoxin provides the source of electrous

for the ribonucleotide reaction. Ribonucleotide reductase
comprises two non-identical pretein subunits. One subunit

contains two irom aloms probably both in high spin ferric

form. An electron spin wesonance signal can be detected

in the subunit but the characteristics are those of an

organie¢c free radical. This may be the site for thioredoxin

interaction, which is not yet known. Iron seems not to

participate as an electron carrier in the reaction but it

is necessary for the activity of the enzyme,and Atkin gt al.

(1973) have suggested that the function of the ilron is to
help to generate and stabilize the organic radical inter-
mediate during catalysis. The other subunit binds to the
substrate (i.e. the ribonucleotides}.

The importance of ribonucleotide reductase in DNA
synthesis was shown by Brockman et al. (1971) who reported

impaired incorporation of 3H—-thym:‘l.dine into DNA by a

leukaemia cell~line when the cells were cultured in medium




containing inhibitors of ribounucleotide reductase enzyme.

In addition, it has been shown that iron taken up by Hela
cells was transferred to the nucleus and embedded into

the chromosomes during cell division (Robbins & Pederson, 1970)

and also desferrioxamine (DFO) which is an irom chelator,

inbibited DNA synthesis. Hoffbrand et al. (1976} have
described the mechanism by which DI'O inhibits DNA syunthesis,
and this is discusscd in detail in Section 1.3.3.
In conclusion, availability of iroun affecls the activity '%
of the iron-containing ribonucleotide reductase enzyme =%

which is essential for the synthesis of DNA. Since iron

is necrmally delivered to cells by the iron-iransport protein
transferrin, 1t seems likely that the increased iron
requirement to rapidly diving cells will lead to an increased
need for transferrin-bound iron, hence the importance in

cell preliferation. This aspect has been the subject of

the work reported in this thesis, and the propexties of

transferrin are discussed in the fellowing section.




- 17 - 3t

1.2. TRANSFERRIN

Le2e)l o General considerations

Iron is essential to all foxrms of life. The flow of
electrons through the biosynthetic pathwavs, the activation
of molecular oxygen, hydrogen and nitrogen, the binding of
oxygen to haemoglobin, myoglobin and heemerythrins and the
decompesgition of noxiocus derivatives of oxXxygen, are all
reactions requiring iron (Wrigglesworth & Baum, 1980).
However, although iron is important in life, it can also
present hazards to organisms. In agueous solution iroen has

access to two different oxidation states; ferrous ($92+)

and ferric (Fe3+).

Under physiological conditions the more
stable form is the ferric, while ferrous iron is readily
oxidised by molecular oxygen to ferric iron. Since ferxric
iron is insoluble, orgenisms have evolved specific iron-
sequestering molecules to maintain the element in a soluble
form which is readily available for transport and biosyunthetic
reactions. In vertebrates, these iron-binding functions

are met by traussferrin, whose main function is iron transport,
and ferritin which is essentially an iron-storage protein

(Jandl & Katz, 1963; Aisen & Listowsky, 1980}.

Transferrin is a glycosylated S~globulin which has
the ability to bind two iron atoms reversibly. In Man,
serum contains 2-4 mg/ml transferrin of a saturation with
iron of abhout 30%. The transferrin concentration and irom
saturation varyv, however, with pathological conditions
(Morgan, 1981). In vertebrates, transferrin is synthesized

mainly in hepatocytes, although lymph nodes, peripheral




hblood lymphocvites and other tissues have also been

implicated (Morgan, 1981).

1l.2.24 Structure of transferrin

Recent elucidation of the amino acid sequence of human
transferrin showed that the molecular weight imcluding the
carbohydrate chain is 79,550 (MacGillivray et al., 1982).
Physical studies have given similar values for the plasma
transferrins of other vertebrates (Morgan, 1981l). The
shape of the molecule has the form of prolate ellipsoid
with axial ratio of 1:2 for irou--salurated transferrin
(Rosseneu~Montreff et al.,1971) and 1:2.35 (Rosseneu-Montreff
et al., 1971) or 1:3 {Bezkovovainy & Rafelsom, 1964) when
the protein is iron-free.

Human transferrin consists of a single polypeptide
chain together with +two glycan moietlies albttached Lo the
C~terminal region of the peptide chain. The striking feature
of the overall organisation of the molecule, as revealed by
X-ray studies of transferrin crystals (Gorinsky et al., 1979},
is that the pelypeptide chain is folded into two globular
sub=-structizres or domains each one containing a cleft
which corresponds to the iroun binding site of each molecule
(Morgan, 1981)., Within each domain there are disulphide
bridges (Elleman & Williams, 1970; Williams, 1982), and a
bridging regilon limited to a maximum of severn residues
join the two domains together (MacGillivray et al., 1982).
These domains, as indicated by studies of irou-binding
Tragments of bovine transferrin (Brock & Arzabe, 1976) or

ovotransferrin (Williams, 197M; 1975) differ from each other




physically and antigenically. Althcough there is a difference
in the physical properties of the two domains\(Aisen &
Listowsky, 1980), the functional significance of the presence
of the two domains with separate iron-binding sites is
uncertain. There might, however, be an evolutionary
advantage of the ftwo-domain structure, which would wzeduce
loss of protein through glomerular filtration (MacGiilivray
et al., 1982). The peolypeptide chain of human serum trans-
ferrin consists of 678 amino acids {MacGillivray et al., 1982).
There is an internal 40% homology bebtween residues 1-3306

and 337-678, each range reprcscnting an iron binding site,
suggesting gene duplication of an ancestral protein with

a single domain (MacGillivray et al., 1982). Aminoc acid
sequence is5 also known for chick Transferrin (Jeltsch &
Chambon, 1982; Williams et al., 19823)which also shows
internal homology (Jeltsch & Chambon, 1982},

Human transferyin contains approximatel& 6% carbo=-
hydrate disposed on two identical and nearly symmetrical
branched heterosaccharide chains each terminating in one
or more sialic aclid residues attached to a galactose residue
(Doriand et al., 19773 Morgan, 1981). The carbohydrate
moieties are attached to the polypeptide chain by a B-1
glycosidic linkage via an asparagine vesidue (Aisen, 1980).
This most frequent structure is a biantennary glycan
structure although a triantennary structure has also been
reported (Krusius & Fiune, 1981). Transferrins isolated
from other species also contain a single (Heaphy & Williams,

1982a)or two glycan chains (Hudson et al., 19733 Twase &
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Hotta, 1977}. Despite the considerable knowledge of the
stricture of the carbohydrate moieties of transferrin,

little is known about their function. The glwyean chains

may be dlmportant in determining the rate of elimination

of the protein from the circulation since removal of

sialic acid in many glycopreteins leads to rapld uptake

and catabolism in the liver. However, there is no conclusive
evidence for the idinvolvement of the glycan in the catabolism

of transferrin (Aisen, 1980).

1.2.3. Metal binding

le23.1: Ixon binding

Iron free molecule of transferrin (i.e. apotransferrin)
reacts with ferric ions to produce a salmon pink complex
which has maximum absorbance at 467-470 nm. Each irom
atom binds to and occupies each site of the polypeptide
chain (i.e. domain) so strongly that it is effectively
"locked in". The domains become more compact when iron is
bound (Bezkorovainy & Rafelson, 1964) and the molecule
becomes less susceptible to proteolytic degradation and
denaturation (Brock et al., 1976; 1980). Iron binds as
the ferric form although there have been reports that
ferrous ivon can also bind but with lower affinity, and
in the presence of oxygen 1t is converted to the ferric
iron-complex (Kojima & Bates, 1981).

The affinity of iron binding by transferrin is pl-

dependent and it is maximal above pH 7.0 (Morgan, 1981).
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Wheun the pH is reduced, the affinity becomes lower, the

iron starts to dissociate from the molecule at about pH 6.5,

and it is completely veleased at pH 4.5 (Morgan, 1981).
In human transferrin, the iron is disscciated from the B
molecule in a biphasic mannecr depending on the pH, and half 3

of the iron is released at about pH 5.4, whereas the remainder

is lost when the pH drops below 5.0 (Princiotto & Zapolski,

1975). This biphasic release of diron suggests that there
might be a difference in the iron-binding properties of

sach site. Cannon and Chasteen (1575) and Zweier (1978)
showed fthat ferric dons have a tendency to bind preferentially

at one site of the transferrin molecule at a pHd ahove

7.2 thus referred to as the acid labile site, the other
acid stable site, becomes occupied at pH 6.0-7.1l. These
sites are shiown to correspond Lo N- and C-terminal sites

of the molecule (Evans & Williams, 1978). The removal of

iren from one site over the other also depends on =salt

concentration, and it has been reported that chloride

facilitates removal of irom from the C-terminal site but

retarded its removal from the N-terminal site (Van Eijk ﬁ

3

ct al., 1978)., Addition of chelating agents in vitro as

R

a source of idron also revealed preferential binding to one
site depending oun the pH of the medium (Brock & Arzabe,
1976; Williams et al., 1978). The use of BEPR spectroscopy

revealed quantitative differences between the C~ and N-

terminal site of ovotranslerrin (Keung et al., 1982).,

These investigators reported that the a-helical content

of the C~site was twicc that of the N-site, and that

]




major differences in the content of histidine, alanine
and methionine also existed.

The binding of each iron to tramsferrin requires Llhe

synergistic binding of an anion {Aisen et al., 1967; Price &Gib~-:

son, 1972; Bates & Schlabach, 1975; Gelb & Harris, 1980) which
is usually either a carbonate or bicarbonate; the exact
nature of the anion is still in dispute (Gelb & Illarris,
19803 Zweder el al., 1981). In the absence of a synergistiec
anion, the irom does not bind specifically, and noun-specific
binding in the form of ferric~hydroxide polymers has been
reported (Bates & Schlabach, 1975). QRelease of the aniomn
destabilizes the complex of iron-transferrin allowing
releasc of iron. A large numbexr of anions may be substituted
for(bi)carbonate in the specific binding of iromn to
tramsferrin (Young & Perkins, 1968; Aisen et al., 1973;
Bgyed, 1973; Schlabach & Bates, 1975). These anions which
include oxalate, malonate, pyruvate, glycolafe, lactate,
malate and glucouate, form complexes with transferrin that
arc less stable than those containing {bi)carbonate.
Chelating agents such as nitrilotriacetate (NTA} can also
substitute for (bi)carbonate. It has been reported that
binding of Fe(NTA) to apotransferrin results in the
formation of a ternary iron~ and chelate-containing complex
of transferrin, in which the iron is more labile than when
(bi)carbonate is used. Addition of (bi)carbonate does not
displace the chelate immediately but induces the formalion
of a guaternary complex ol transferrin wiilh iron, checlate
and (bi)carbonatc from which the chelate is later released

(Bates, 1982).




Iron=-binding by transferrin does not involvce any
specific prosthetic groups. The metal-binding sites are
the counseguence of folding of the polypeptide chain to
preoeduce two spatial domains which are stabilized by di-
sulphide bonds and other secondary interactions (Feeney ;
& Komatsu, 1966). The iron, when hound to transferyin
possesses an octahedral configuration with six ligands,
one of which is bound to the synergistic anion and another
to a molecule of water (Zweier & Aisem, 1977). The remaining
ligands bind to the protein. Controversial data exist
concerning the identity and thie nunmber of protein ligands.
Thus, it has been suggested that either three (Warner &
Weber, 1953; Windle et al., 1963; Gelb & Harris, 1980) or twao
(Tan & Woodworth, 1969} tyrosine vresidues are iunvolved iu -;
each iroun~binding site. There is also evidence that elither
one (Zweier & Aisen, 1977) or two (Rogers et al., 1977)
histidine residues are invelved as iron-binding ligands.
Arginine and lysine have also been implicated, but their
involvemenlt reflects binding to the synecrgistic anion &f

rather than binding Lo iron {Zweier & Aisen, 1977).

1.2.3.2. Binding of metals other than iron

Transferrin can bind metals other than iromn, although
iron is probably the only metal bound teo transferrin in vivo.
Specific binding of these metals should fulfil the following
criteria {(Aisen, 1980):

1. Only two metal ions should bind per molecule of transferrin.

2« One (bi)carbonate (Dr other aniou) should hind for each metaléé




3. Binding of the metal fto iron-saturated transferrin

shouzld not ocecur.
Metals which bind to transferrin and fulfil most of

+ 2
the above criteria include: Zn2+, R *

cu”t, v 2, P, oot

Gaj+, MoI* (Freeney & Komatsu, 1966; Aisen et al., 1969;

Tan & Woodworth, 1969; Woodworth et al., 1970; Harris et al.,
19743 Zweier, 1978). Lanthanide iouns such as Tb3+, Eu3+, %j
Nd3+, H03+ (Mears & Ledbetter, 19773 O'Hara et al., 1981) and

Ly

actinides Th putt

(Pecoraro et al., 1981) also bind with
the same stoichiometry as iron and probably occupy the same

sites. Metal displacement studies and relative binding

affinities of metal complexes of transferrin showed thatl

3

the order of binding was Fe- >C:r‘3+ and Cu2+>Mn3+, 002+ and

2+>

o 2
¢d“*>2n~">Ni"" (Tan & Woodworth, 1969). Feeney & Komatsu

guoted unpublished work of Irunan (1956) according to which

003+ had a greater binding affinity for transferrin than '%

3+

Fe3+ and, therefore, Co could displace F33+ in the

transferrin molecule. IHowever, recent work using NMR

3+

spectroscopy (Zweier et al., 1981l) showed that Fe~’ will e

displace Coj+, and thereflfore the earliier observation of

Inman probably was incorrect.

Thus, al though binding of metals other than iron to

transferrin is probably non-physieclogical, it has served -

as a useful tool in spectroscopic studies of the transferrin

molecule.




1.2.3+3. Binding and release of iron from transferrin in wvitro

In the presence of (bi)carbonate, iroun hinds to either
site of transferrin. Kinetic rather than thermodynamic
factors govern the distribution between the sites (Van
Bijk et al., 1978). The distribution of iron between the
sites dis affected by the pH and sali concentration of the
solutiou (Williams ct al., 19783 Chasteen & Williams, 1981;
Williems et al., 1982b)., In vitroe, loading of transferrin
with iron may create problems. Although the association

constant of irom and transferrin is high (1020 M“l)

F+

S0

that iron binding can easily occur, Te tons can exist in

solution at neutral pH only at very low concentrations

—lBM

and in excess of 2.5 x 10 , arc insoluble. At higher
concentrations, the iron is hydrolysed and pelymers are

formed which react slowly with transferrin {Bates & Schlabach,

l973), and furthermore they can react with hydroxyl groups
of the transferrin molecule, thus causing non-specific
binding (Bates & Schlabach, 1973). The problem of non-
specific.binding of iromn, when ferriec salts are used, can

be avoided by using iron chelators such as uitrilotriace -
tate or citrate. When using citrate to ensure absence

of polymers, the reactive species should be of low molecular

weight, and this is achieved by using a 20-feld excess of

citrate ions., Nitrilotriacetalte, when used at neutral pi
at a l:4 ratio of iron to chelate, also results in rapid
iron-binding (Sohlabach & Bates, 1975). However NTA can
also occupy the anion-~binding site (see 1.2.3.1) and lhis
can be avoided by adding (bi) carbonate which will slowly

displace fthe NTA.
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Iron removal from transferrin in vitre is usually
achieved with. low pH to destabilize the iron-protein bond
and an iron chelator such as citrate to accept the released
iromn. Even at physiological pH, however, iron can be
eliminated from the protein when a more powerful iron-binding
molecule such as desferrioxamine is available to bind the
released iron (Aisen, 1980). However, since the iron-
transferrin bond is so strong that spontaneous dissociation
of iron from the protein is difficult, medialing agents
have to be used to facilitate the transfer of iron from
protein to DFO. Effective mediating agents include NTA

and ketomalonate (Aisen, 198C).

l1.2.4., Funection of transferrin

1e2.00le Imtroduction

The most important and certainly the most studied role
of transferrin is the transport of iron among the sites
of absorption, storage, utilisation and excretion, most
iron being delivered to erythroid precursors rfor the synthesis
of lhhaem. Small but significant quantities of irom are also
delivered to non~erythroid cells, especially the rapidly
dividing cells. During pregnancy, transferrin also acts
as an iron transport molecule to the placenta for transport
to the foetus. The mechanism By which transferrin éccePts

and donates iron has been extensively dnvestigated, butl is

still mnot fully understood. Most of the original investigationsi
concerning the donation of iromn to cells by transferrin

were carried out using reticulecytes, but it is now known




that most of the features apply to uon~erythroid cells
such as lymphioocytes.

Another important function of transferrin is associated
with antimicrobial activity. By restricting the availability
of iron for microbial metabolism, transferrin may have an
important r»ole in the defence against infection (Pearson &
Robinson, 1976).Intracellularly, transferrin may also function
in the killing of phagocytosed bacterla via a catalytic
pathway involving the generation of hydroxvl radials from

superoxide and peroxide (Motohashi & Mori, 1.983).

1.2.%.2. Events in the transferrin-cell interaction

It is now generally considered thal seversl steps are
involved in the uptake of transferrin-bound iron by erythiroeid
and non-ervithroid cells. These are:

l. binding of transferrin to specific wreceptor sites on
the cell membirane

2. entry of transferrin into the cell by endocytosis

3« rTemoval of diron Lfrom transferrin

4. release of apotransferrin from the cell into the i

surrounding medium,

These are discussed in more detail below.

1.2. 4.3, Interaction of transferrin with membrane receptors

The existence of receptors on reticulocyte cell membranes
was first noted by Jandl gt al. (1959) who found that

trypsinised red cells could no longer bind transferrin or

take up iromn Tfrom transferrin. They inferred that a receptor

specific for transferrin existed on the cell membrane which 2




was degraded by proteolysis. Later Garrett et al. (1973)
demonstrated transferrin-binding activity in detergeunt-
solubilised_retioulocyte stroma, probably due to receptors.
Since then, many studies have been reporied describing
methods for the isolation and characterisation of the
transferrin receptor, but results have been controversial.
Thus, first estimates of the molecular weight have ranged
from 18,000 ~ 450,000(Aisen, 1983). Discrepancies in the
exact values of the association constants for transferrin-
receptor have heen reported, too. Mosi of these controversial
results arose due +to using transferrin and cells from
different speclies, different mecthods for isolating the
receptors, or heterogeneity of cell suspensions. Studies,

on non-erythroid cells have generated less controversial
results. These reports indicate that the receptor is a
glycoprotein (Omary & Trowbridge, 1981; Newman et al.,, 1982;
Schneider et al., 1982) of moleculaxr weight i?0,000 - 200,000
and that it exists as a disulphide~bonded dimer, each subunit
containing three glycan chaius of molecular weight 95,000
(Seligman et al., 1979; Goding & Burns, 1981; Goding

& Harris, 1981; Sutherland et al., 1981; Trowbridge &

Omary, 1981; Schneider et al., 1982), and cousisting of
galactose, N-acetyl glucosamine and sialic acid (Newman

et al., 1982). The transferrin receptor has been shown to
contain palmitic acid covalently attached close to the

cell membrane~associated part of the receptor ﬁolecule

(Omary & Trowbridge, 1981; Newman ¢t al., 1982) and it is

o
%
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also phosphorylated, predominately on serine residues ?
{Schneider et al., 1982). Part of the receptor cam alsa

be cleaved from the cell surfacc by proteolysis yvielding

a fragment of molecular weight 70,000 which retained the
transferrin-binding sites, suggesting that the receptor is
embedded in the cell membrane and the major part is exposed
to the extracellular environment (Schneider et al., 1982).

Transferrin receptors have been isolated from different

cells including placenta cells, reticuloecytes, kidney tissue

and tuwmour cells, and so far ne structural differences

betweenr them hiave been reported.

The expression of reccptors on the cell membrane is
associated with inecreased reguirements for ivon. The rate
of iron uptake from transferrin during erythroid cell
development was found to correlate closely with the number

of transferrin receptors expressed on the cell membrane

(Iacopetta et al., 1982), and this number decreased on cell
maturation (Nunez et al., 1977; Frazier et al., 1982; ;

Parmley et al., 1983). In non~erythroid cells, the transferrin

receptor has also been assocociated with increased need for
iron during cell preliferation. Thus the cell membrane
antigen assocliated with proliferation and recognised by

monoclonal antibody OKT9 is the transferrin receptor

(3utherliand et al., 1981; Trowbridge & Omary, 1981). In

addition, transformed lymphoid cell lines (Larrick &

Cresswell, 1979k; Galbraith et al., 1980a; Makino et al.,

1983) and lymphoblasts (Brock & Remkin, 1981l) express a




higher number of transferrin receptors than normal resiting
lymphocytes. The percentage of cells to which transferrin
binding was detected was found to correlate with the

degree of lymphocyte DNA synthesis in response to mitogens
(Galbraith et al., 1980b). Increased expression of
transferrin receptors is also associated with malignancics.
Thus, e#pression of a large number of receptors in leukaemic
cells (Larrick & Logue, 1980) and in carcinomas, sarcomas
and samples from cases of Hodgkin's disease (Gatter et al.,

1983) has been reported. Additionally, Musgrove et al.
(198&) ochserved large numbers of transferrin receptors in
human tumour cells in culture , and showed that the
expression of the receptors was related to the cell cyele
phase thus reflecting the proliferative activity of the cells.
The association of the cxpression of transferrin receptors
with an increased requirement for iron by the proliferating
cells is also justified by the observation that during
differentiation when there is a decreased requirement for
iron, the number of receptors on the cell membrane also
decreases {Makino et al., 1983).

The binding of transferrin to the receptor is mormally
essential for the uptake of iron by the cells. Evidence
that cellular iron uptake from transferrin is dependent on
transferrin binding to the receptor comes from the observation
that proteolytic digestion of reticulocytes leads to a
reduction in the rate of iroun uptake by the cells (Hemmaplardh
& Morgan, 1976) and monoclonal antibodles to the transferrin

receptor which inhibit binding of transferrin also iunhibit

2
b
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iron uptake and cell growth im witro (Trowbridge et al., 5
1982; Trowbridge & Lopez, 1982). Monoclonal antibodies

which do not affect transferrin binding do not affect

uptake of iron (Sutherland et al., 19813 Trowbridge & Lopez,

1982). However, iron uptake not involving transferrin >

binding to the receptor, has also been reported (see L.2.4.L).

The reaction between transferrin and detergent~scolubilised

receptor is dependent on pH, presence of Ca2+ and the iron

L

.Y

i

o

3
;

content of transferrin (Morgan, 1981). The recepior is

specific for transferrin, since binding of iron-saturated

123 ; s . cas : . G
“T-transferrin was competitively iunhibited by iron-saturated ?

unlabelled transferrin but not by other proteins (Larrick

& Cresswell, 1979b). Studies with a number of different

cell types show that diferric transferrin has a higher

affinity for the receptlor than apotransferrin at neuiral

pH (Jandl & Katz, 1963; Young & Aisen, 19813 Hascgawa &
Ozawa, 1982; Kohgo et al., 1983: Ward et al., 1983). The
functional advantage of the greater affinity of iron=-

containing transferrin than apotransferrin for the receptor

b3 EPPRRE X Tl ."E.'.- L S TN
et A L LT A e

is that apdgwill not greatly interfere with the iron uptake
process by the cells. However, apo might sometimes interfere

with the iron uptake process 1if the saturation of transferrin

with iron were very low.

It is not vet known what part of the receptlor is

impartant in the binding of traunsferrin. However, recent
studies showed that transferrin binding to the receptor
was decreased when the receptor was treated with galactosidasc

or in the presence of carbohydrates such as galactosc and
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N~acetyl galactosamine {Steiner, 1980) indicating that

the glycan moiety of the receptor is implicated. FEven

less is& known about the moiety of transferrin which binds
to the receptor. The carbohydrate part of the molecule is
prokably not involved since ovotransferrin and chicken
serum transferrin which have different carbohydrate contents
donate iron at the same rate to chick erythrolid precursor
cells {(Keung & Azari, 1982). A factor which has been found
to be dmportant in the binding of traunsferrin and iron
donation is the integrily of the transferrin molecule,
gince monoferric fragments of ovotransferrin and bovine
transferrin had 1ittle ability to bind and domate iromn to
chick embxyo cells or rabbit reticulocytes, respectively
(Bsparza & Brock, 1980 ; Brown-Mason & Woodworth, 1982).

It is mow known that the transferrin receptaor 1s
required for the uptake of iron, although the exact way of
the iron uptake process has not yet been fully elucidated.
One possibility is that a kind of interaction of the
transferrin-iron complex with the receptor may be required
for iromn release from the protein, although no experimental
data are so far available to support this hypothesis. Another
function, which has been extensively iuvestigated, 1s that
the receptor plays an essential role in the internalisation
of transferrin-bound iron. This function as well as the
actual process of eundocytosis will be discussed in more

detail Dbelow.




le2.4.4. Internalisation of transferrin

Receptor binding of compounds which exhibit capping _%
or patching is a phenowmenon which leads to intermalisation é
of these compounds via coated pits. This phenomenon which
is observed in many systems such as in the binding of mitogens
on the surface of lymphocytes during cell activation {Stobo,
1977; Rao, 1982) or in the binding of antigens to the %
surface immmoglobulin on B-lymphocytes (Raff & de Petris,
1973}, requires multi-subunit membrane receptors as well

as binding of divalent ligands. Receptor-bound transferrin

exhibiting patching or capping in mitogen stimulated kS
Llymphioccytes (Galbraith & Galbraith, 1980) or in reticulocytes i
(Harding et al., 1983; Iacopetta et al., 1983) has been
reported. Furthermore, Goding & Harris (1981) using 2-
dimensional electrophoresis showed that the transferrin
receptor is the major multi-~-subunit comﬁoneut in the cell
membrane in murine T-lymphocytes. Transferrin also acts
as a divalent ligand since monoferric fragments do not

donate irvon {Brock, 198L). These observalions suggest that

transferrin~bound iron is taken into the cell by receptor-
mediated endocytosis, the iron is released from the
transferrin and apotransferrin is tlhen recycled to the
exterior by the reverse process. Morphological datda using

colloidal gold bound to transferrin (Lighl & Morgan, 1982)

or studies om the subcellular localisation of trausferrin
labelled with ferritin (Hemmaplardh & Morgan, 1977),

peroxidase (llemmaplardh & Morgan, 1977; Hepkins, 1983) or 4%
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Iodine-125 (Lamb et al., 1983; Nunez & Glass, 1983) showed
that transferrin in various cell-types in internalised

by endocyiosis. Treatment of cells with pronasc or melabolic
inhibitors or heating at H6OC, processes which inhibit
endocytosis, caused a reduction in the mumber of intra-~
cellular gold particles (Light & Morgan, 1982). Furthermore,
Enns et al. (1983) studied endocytosis of transferrin in
human erythroid ccll lines using rhodamine-labelled transferrin
and Lfluorescein-~labelled Fab fragments of goat antireceptor
IgG, and showed that transferrin and its receptor were
internalised as aggregates and comigrated Tto tlhie same
structures within the cell. Hopkins and Trowbridge (1983)
also showed that transferrin and the transferrin receptor
were internalised and the complexes were transferred from
coated pits om the cell surface tola system of cisternae in
the peripheral cytoplasm and finally to small lysosome~like
vesicles., Bxtraction of complexes using Trifon-x and
purification through a Sepharcose-transferrin column, showed
that the intermnalised transferrin remained bound to the
transferrin receptor during the intracellular process.
Additionally, Ciechanover et al. (1983) showed that exposure
of the transferrin-recepteor complex to medium of pH less

than 5.0 resulted in dissociation of iron bult that apo-
transferrin remained bound to the recepteor. When the pH

was raised to 7.0, as would occur when an acidic intracellular
vesicle fuses with the plasma membrane, apotransferrin
rapidly dissociates from the receptltor. Taken together

these observations indicate that iron-containing transferrin




enters the cell by receptor-mediated endocytesis, the
transferrin remains bound on the receptor throughout the
endocytic cycle and the transferrin is exocytosed in a
reverse process after the release of iron. Whether such
internalisation is absolutely mecessary before transferrin-
bound ircn is available ta the cell remains unclear, and
there have been studies indicating that iron may be taken
up without being endocytosed. Thus, Woodworth gt al. (1982)
reported that the highly-specific microtubule inhibitor
nocodazole did mnot affect the rate of iromn uptake Ifrom
transferrin by reticuloecytes suggesting that endocytosis

of transferrin is not essential for iron uptake. Similarly,
Fielding & Spever (1977) using a different approach found
that low concentrations of sulphydryi inhibitors which

act by reducing cell membrane permeability depressed
removal of iron from transferrin by reticulocyltes by 50%.
Since this inhibitor is thought to act on the cell surface
without penetrating the cell, they considered that iron

was dissociated from the transferrin at the cell surflface
and was then transferred into the cell, probably by a
membrane component acting as an iron recipient. No such
component was identified at the time. However, Glass et al.
(1980) isolated transferrin~ and iron-binding proteins from
the membrane of reticulocytés and postulated that £ransferrin
first binds to the cell membrane and then douates its iron
to an iron acceptor membrane moiety that subsequently
delivers iron to the cytesol. An iron-binding membrane
protein in human melanoma cells which exhibits primary

sequence-homology with transferrin has recently been
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identified (Brown et al., 1982) and may correspond to
the compouent described by Glass gt al. (1980).

In conclusion, there are data which indicate that
transferrin is taken up by receptor-mediated endocytosis.
However, there is also evidence indicating that there may
be a plasma membrane~mediated releasce and transfer of iron
to the interior of the cells. The relative dimportance
of these mechanisms still) remains to be resolved, although
it has heen suggested that both processes may operate

Zaman et al. 1980 the extent to which each process
( 2C al., ’ P

operates depending on the type of cell involved.

1.2.4.5, Release of iron from transferrin

Several mechanisms for iron-release from transferrin
have been postulated, but the exact mechanism has not vet
been fully understood. The elucidation of the mechandism
involved in the removal of iron from transferrin has been
complicated by the controversy about whether endocytosis is
a requirement for the release of iron. Thus, it has been
proposed that conformational changes in transferrin while
bound to the cell membrane result in iromn release to a
membrane iron-binding component {(see 1.2.4.4). In wvitro,
the iron-transferrin complex can be destabilised by attack
upon the synergistic anion, or protonation and probébly
these mechanisms are involved in the release ol iron from
transferrin in vivo. There have been several reports
demonstrating the release of (bi)carbonate from transferrin
simultaneously with iron during iron uptake by reticulocytes
(BEgyed, 19733 Schulman et al., 1974). Furthermore replacement

of (bi)carbonate in iron-transferrin complexes with oxalate




leads to a reduced rate of iron uptake (Egyed, 1973
Williams & Woodworth, 1973). These results are cousistent
with the hypothesis that the iron-release from transferrin
involves the initial attack of the anion. However, the
results do not prove the hypothesis as whatever mechanisms
are involved in the release process, the anion will be
released as well.

There is much evidence, however, that iron-release
from transferrin may result from protonation of the iron-
transferrin complex. The reaction of iron with transferrin
involves the displacement of protons from the complex, and
since this reaction is reversible, iron-release may involve
addition of hydrogen ions. Evidence for this comes from
the observation that the rate of irom release from transferrina
is directly correlated to hydrogen-ion comncentration and
that irom is released frowm the translerrin-receptor complex
only at low pH such as 4.8 - 5.5 (Dautry~Varéat, 1983;§i£g3
Ciechanover et al., 19833 Klausner et al., 1983; Morgan, 1983).
Further evidence for the importance of protonation in the
release comes from studies in which treatment of cells
with NHkGl, which neutralizes intracelliular acidic compartments,
blocks segregation of iroen from transferrin after endocytosis
while the reagent does not affect internalisation of
transferrin (Ciechanover et al., 1983; Harding & Stahl, 1983;
Loh, 1983; Rao et al., 1983). Since NH,C1, by causing an
increasce in intravacuclar pH, inhibits release of iromn Lrom
transferrin, it seems reasconable that removal of iron may

take place within the endocytic vacuele. The iron is relecascd
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when the pH is reduced by the aclion of a proton pump,
which would account for the requirement for metaholic energy J
during the iron-nptake process. Alternatively, a lysosome

may fuse with the endoecytic vacuole thus reducing the q
intravacuolar pH to about 4.5 (Ohkuma & Poole, 1978). ‘The E
apotransferrin~receptor complex which is stable at pH 4.8 w
(Klaunser et al., 1983) could escape digestion, and be
recycled back to the exterioxr.

Agents such as pyrophosphates and organic phosphates
have also been implicated in +the removal of iron from
transferrin in vitro (Cowart et al., 1983) and it may be
that ATP acts both as a source of energy and competing.
chelator (Morgan, 1979).

Literature data couccrning functional differences
between the two iron-binding sites have been controversial.

It has been suggested that iron from one site is preferentially

taken up by cells., Fletcher & Iuehns (1967)-reported that
transferrin in the plasma preferentially delivers iron to
immature red cells from one site, and that the other site

was orienbated towards the hepatocytes and intestinal mucosal

cells. Further experiments, though, revealed no fuunctional
difference between the sites in homologous systems (Harris
& Aisen, 1975; Harris, 1977; Huebers et al., 1981lb; .j
Heaphy & Williams, 1982b;Young, 1982), Tor heteroclogous ﬁ
systems, reports have bhecu contradictory, and some authors

Ihave shown functional differences between the sites

(Princiotto & Zapolski, 1976) while others did unot (Esparza

& Brock, 1980 ; Huebers et al., 1981b}. Generally, evidence #




suggests that the two iron-binding sites of transferrin
are functionmally the same with respect to iron donation
cells, although studies both in vitro(Huebers et al., 1981n)
and in vivo (Huebers et al., 1978; 198la,b,c) revealed
preferential utilization of iron from diferric transferrin.

The released iron probably enlers the labile pool
present in the cell {Jacobs, 1977} from which it can be
taken up by mitochondria for haem synthesis. The mechanism
by which iron is delivered tlo the miitochondria has not vyet
been elucidated, although transferrin has been implicated
in the direct transport of iron to the mitochondria (Romslo,
1980). Intraceilular iromn transport, however, is beyond
the scope of this study and further information can be

obtained from the review of Romslo (1980).

1.2.%.6, Release of apotransferrin

Little attention has been directed to the mechanism
of return of iron-~depleted transferrin from fhe cell to its
surrounding medium. However, there arc reasons fto suppose
that apolransferrin leaves the cell by exocytosis. The
kinetics, metabolic requirements and response toe many
cellular poisons of transferrin release in retlculecvytes are
similar to those of iron uptake. The differential effects
of pH on the binding of apotransferrin and diferric  trans-
ferrin to the receptltor probably play aun important part in
the recycling process. At acdd pIl in the intracellular
vesicles apotransferrin retains its high affinity for
recepbtors and remains bound to them as explained in Section

1.2.4.5, However, once carried lo the cell surface,
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apotransferrin would be readily exchanged with diferric
{ox monoferric) transferrin because of their higher affinity
for the receptor at neutral pH of the cell exterior. Both
transferrin and receptor reeyecle with little evidence of
degradation. However, in Tibroblasts some degradation of
transfervrin coccurs probably as a rcecsult of fluld phase
endocytosis (Octave et al., 1981).

Tn conclusion, although some details still remain to
be worked out, it is now clear that transferrin acts as a
specific irom donor to immature erythrolid and proliferating
cells. TUptake probably occurs by receptor-mediated endo-
cybosis, a mechanism in which the transferrin molecule is

conserved while iron is acquired by the cell.

NS
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1.3, EFFECTS OF IRON DEFICTIENCY ON CELL-~-MEDIATED TITMMUNE

RESPONSES AND LYMPHOCYTE TRANSFORMATTON

1.3.1., General cousidersations

As previously described, transferrin is important
because of its ability to transport iron from the sites @
of iron absorption and catalbolism to cells. Apart from “%
erythrold precursors which need iron for the synthesis of &
haemoglobin, fast dividing cells alse may require iromn to
meet their increased need for the syunthesis of metabolically
important enzymes and cytochromes. The expansion of clones
of Iymphocytes, characterised by an increased cellulaxr
metabolic activity and cell divisiou, is assocclated with
increased expression of transferrin receptors (see 1.2.4.3),
which probably reflects an increase in iron requirement.
Inadequate delivery of iron, therefore, may prevent lymphocytes
from proliferating at optimum rate,. Evidence to support this
concept comes from literature data, which indicate that
iron deficiency can result in decrcased DNA synthesis,

which could impair the cell-~mediated immune response.

1+3.2, Iron deficiency

Iraon deficiency is the most widespread nutritional %
deficiency recognized throughout the world. The dcficiency ’
state arises through a variable combination of inadequate %
dietary intake, increased metabolic requirements and blood
loss. Three steps are identifiable in the development of

iron deficiency (Dallman, 1981). The first is characterised
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by depletion of iron stores. If {he iron deficiency
progresses, the second phase appears. This phase is

characterised by decreased saturation of tramnsferrin with

iron, and increased total iron binding capacity (TIBC) of
transferrin. Depletion of both iron stores aund transport of
iron iunhdibits production of metabolically active compounds

reguiring irom either as a counstituent or as a cofactor.

Such deficiencies may lead to systemic manifestations. i
The final stage in iron deficiency is characterised by i

hypochromic, microcytic anaemia.

1.3:3. Cellular iron reguirement

Iron is important for the activity of many enzymes
(Wrigglesworth & Baum, 1980). Recently increased attention ﬁf

has been focused on the association of iron deficiency with

inhibition of DNA synbthesis and cell divisioun. Hershko et al.
(1970) observed a decrease in the nucleic acid content of
bone mearrow and also a marked dreop in the rate of jH—thymidine

incorporation into DNA associated with chromic iron deficiency.

Hoffbrand et al. (1976) offered evidence for a mechanism by
which iron deficiency may reduce DNA synthesis. They

observed that DFO produced an imbalance belween DNA precursors
and concluded that the removal of iron inhibited the iron-
containing enzyme ribonuclcotide reductase, since DFO inhibited

the enzyme in vitro and the imbalance of deoxyribonucleotides

paralleled the effects of hydroxyurea, a known inhibiter
of reductase activity. Retardation of cellular and tissue

development associated with iron deficiency, probably the




result of reduced DNA syuthesis (Kochanowski & Sherman,
1982) has alsc been reported. Rothenbacher & Sherman (1980)
observed that 18-day old rat pups from iron-~deficient
pregnant dams showed severe fatty degeneration of the liver
and lesions in the spleen and thymus. In addition iron
deficiency may impair the develeopment of the central mervous
gsystem and cause behavioural changes, as indicated by low
behavioural responses and low mental scores in young children
{seshadri et al., 1982) or low mental development scores

in infants (Lozoff et al., 1982; Walter et al., 1983). The
impaired development of the central nervous system in iron
deficiency may be the result, in parl, of decreased neuronal
growth and myelinization due to impaired DNA synthesis and
also decreased activity of an iron~dependent enzyme involved

in neurotransmission (Leibel et al., 1979).

In conclusion, literature data indicate that DNA synthesis

is impaired in irom deficiency. The reduced DNA synthesis
in iren deficiency can be reflected in reduced cell-mediatlted

immine responses in man and in animals.

1.3.4. ITron deficiency and cell-mediated immunity

Since it is well documented that iron deficiency in Man
is associated with increased iuncidence of infectioug disease,
attempts have been made to study the capacity of iromn-
deficient subjects to mount immune response. Cell-mediated
immune responses, as assessed by in vivo delayed type
hypersensitivity weactions to various antigens or in vitro

by the proliferative response of lymphocytes, were impaired
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in iron deficieuncy, both in Man and in animals. Joynson et al.
(1972) studied cell-mediated immunity in adults with iron
deficiency anaemia. Delayed hypersensitivity and lymphocytie
transformaiion in response to purified protein derivative

(PPD) of Mycobacterium tuberculosis and Candide antigen

were impaired in iron deficient anaemic adults compared with
a control group. In addition, the production of macrophage-
migration inhibition factor was significantly reduced when
lymphocytes were stimulated with Candida but only slightly
reduced when PPD was used. Macdougall et al-. (1975) evaluated
CMI responses in children with latent irom deficiency, iron
deficiency anaemia and healthy contrels. Delayed type
hypersensitivity reactions in vivo and DNA synthesis in vitro
by stimalated lymphocytes were impaired in the anaemic and
latent irvon-deficient childremn. Similar observations have
been reported by others (Chandra & Sarava, 1975), who in
addition, showed that the proportion of T~lyﬁphocytes wa.s
slightly but significantly reduced in the iron-deficient
group in comparison with the contwrol group. TFletcher et al.
(1975) found Llymphopaenia and depressed lymphocyte mitogenic
respounses in iron-deficient subjects which returned to

normal after iron therapy. Bhaskaram & Reddy (1975) reported
irreversible in vitro reduction in the proliferation of
lymphocytes isolated from iron-deflficient patients. They
also reported decrecased T-cell numbers in the iron-deficient
group which increased after correction of the iron status.
Depressed lymphocyte function as assessed by DTH test in

response to PHA and in vitro by leucocyte migration inhibition
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tests have also been reported in association with iron
deficiency anaemia {Talwalkar et al., 1982). Morphological
abneormalities in lymphocyte mitochondria in iron-deficient
patients have also been obhserved. Swelling, vacuclation
and rupture of the cristae of peripheral blood lymphocytes

in iron-deficient anaemic patients lhave been reported

(Jarvie & Jacobs, 1974). Similar mitochondrion abnormalities

in iron-deficient anaemic subjects have been observed by
Jiménez et al. (1982), who, in addition, showed that the
mitochoudrion modifications were proporitiocnal to the degree
of iron deficiency, Abnormalities in mitochondria in
lymphocvtes in iron deficiency may result in a defective
activity of the mitochoundria which theu may affect cellular
metabolic activity, resulting in reduced cell proliferatiom.
However, an association between abnormalities in Llymphocyte
mitochondria and cell proliferation has not yet been
demonstrated. Taken together these reports indicate that
CMI respouses are impaired in iron deficiency. However
normal CMI responses in iron deficiency have also beeu
reported. The number of T-cellis and the proliferation

of pervipheral blood lymphocyles in response to mitogeus

in iron deficiency were not statistically different from

the values obtained from control groups (Van Hecrden et al.,
1981). PFurthermore, normal in vitro proliferation of
lymphooytes isolated from ivon-deficieunt (Gross et al,, 19753
Srikantia et al., 1976; Krauntman et al., 1982} or iron-
deficient anaemic patients (Kulapongs et al., 19745 Sawltsky

1., 1976; Gupta et al., 1982) have also been reported.
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There are, therefore, controversial literature data on
whether iron deficiency can result in depressed lymphocyte
transformation and CMI respomses in Man, which, in turn,
may result in increased susceptibility to infections. Firm

conclusions, therefore, cannot be drawn regarding cell-

mediated immunity in patients with iron deficiency. Infections

characteristically seen in immunodeficient states due to
severe defects of cell-mediated immunity such as disseminated
viral or fungal diseases, have not yvet been reported in
association with iron deficiency. Certainly patiemnts with
iron deficiency may escape such iunfectlions, bul it is then
difficult to implicate the deficiency of iromn as a caeusative
mechanism for any infection that may occcur. Oral candidiasis
(Fletcher et al., 1975) and chronic mucocutaneous. candidiasis,
(Higgs & Wells, 1972} in association with iron deficiency
have been reported before, but candidiasis is classically
found in patients with impaired cell-mediated immunity.
However, other factors may also predispose the iroun-deficient
patients to candidiasis, since mot all iron-deficient
patients wilh documented decreased CMI responses have
candidiasis (Higgs & Wells, 1972; Fletcher et al., 1975).

On the contrary, leukaemic paltients which have increased
plasmaliron and increased transferrin saturatioun also have
problems with mucocutaneous candidiasis. Obviously, factors
associated with irom balance but unrelated to cell-medizted
immunity may also be important. In animal models, though,

it has been shown that impaired host responses associated

with dirvon deficiency may contribute to increased susceptibility

o
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to gut parasites. Thus Duncombe el al. (1979) have shown
that iron deficiency suppressed vesistance to relnfection

with Nippostrongvlius brasiliensis in the rat and that iron

repletion effectively restored the protcctive immunity.

Other defects of cell~mediated immunity in iron deficiency

in animals have been reported. Xuvibidila et al. (1.982)
reported a decreased proportion of T-cells in the spleens

of diron-deficient mice. Decreased numbers of T-cells may
result in a reduced proliferative response of the Lymphocytes
in vivo. ZImpaired in vitro blasteogenic response of splenic
lvmphocytes isolated from iron-deficient mice has also heen
reported (Kuvibidila et al., 1983a,b), which was corrected
by iron supplementation, showing that the defect in iron
deficiency can be corrected alfter iron therapy. In another
study, delayed cutaneous hypersensitivity of mice to
dinitrofluorobenzene was reduced in association with iron
deficiency {Kuvibidila gﬁ‘éi., 1981), this being the result
of reduced DNA synthesis as assessed by incoxrporation of
labelled DNA-precursors into the seusitised area. Furthermore,
the DTH reaction refturned to normal on administration of

iron dextran prior to the recall dose of diunitrofluorobenzene.

Taken together these chservations indicate that in iron
deficiency some function of lymphococytes associated with i
the ability of cells to proliferate is defective, and that

this defect is corrected after diromn therapy. In coutrast

to the above findings, Soyano et al. (1982) demonstrated
increased proliferation of splenic lymphocytes in response

to opltimum doses of mitogen, but a decreased response of




thymic lymphocytes igolated from iron deficient rats.

Their results might be explaitued by either an alteration

or imbalance of the pepulation of cells in varicus lymphodid
compartments, or alteration in the migration pattern of
lymphocytes due to iron deficiency.

In conclusion, literature data on the effect of iron
deficiency on ccll trausformation showed that in vivo the
proliferative response of lymphocytes is impaired both in
Man and in animal. However, data arisiung from the in vitro
studies avs coutradictory and some investigators found
reduced mitogenic or antigenic responses of lymphocyvtes
while others reported mnormal proliferation. The exact
effect of iron deficiency on cell proliferation, therefore,
remains to be elucidated, and forms the subject of part of

the work reported in this thesis.
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2.1 INTRODUCTION

The work presented in this thesis involved the study

of the effect of iron and transferrin on mouse lymph node 5
cells in vitro. “The proliferative response was estimated

by measuring the degree of incorporation by Con A-~stimulated

lymphocytes of labelled thymidine into newly synthesized

DNA.

Since incorporation of labelled thymidine inio the cells

may not reflect proliferation, parallel morphological
evaluation or autoradiography may be necessary to assist in
the estimation of proliferative responses. However, parallel

studies using autoradiography as well as estimation of DNA

synthesis by measuring the degree of labelled thymidine

incorporation indicates that it is the transformed cells

which incorporate the label (MacKinuey et al., 1962).
Furthermore, lymphocyte proliferation in vitro measured

by the technigue of incorporation of labelled.thymidine has

been used for a leoung time to provide insight into the

pathogenesis of disease involving immune mechanisms (Aisenberg,

1965; Bjune et al., 1976; Bjiune, 1979), and alsc to study

the effects on cell-mediated immunity of irom deficiency

with or without anaemia (Joynson et al., 1972; Bhaskarom &

Reddy, 19753 Fletcher et al., 1975; Gross et al., 1975;

Macdonugal et al., 1975; Srikantia et al., 1976; Van Heerden

et al., 1981; Krantman et al., 1982; Sovanoc et al., 1982;
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Kuvibidila et al., 1983a,b j, Additionally, the technique

has been uscd to investigate the effect of certain drugs aon g§




cell-mediated immune rTesponses (Bonnet et al., 1984; Pavan
et al., 198M). The study of the effects of growth Tactors
involved in T-cell proliferation (Phillips & Azari, 1975;
Andersson et al., 1979; Coutinhe et al., 1979; Brock, 1981;
Novogrodsky et al., 1982; Lipkowitz et al., 1984; Malek &
Shevach, 198%4), or accessory-cell cooperation (Smith et al.,
1980bj; Sunshine et al.,, 1980; Fitzgerald et al., 1983) has
also been achieved by measuring proliferation as the degree
of iuncorporation of labelled thymidine into newly synthesized
DNA,

In the present luvestigation, the experimental technigue,
in particular the use of serum—free medium to culture the
cells, was developed by Brock (1981L) using 1 ml cultures in
test tubes, and since the techniqgue needed to be adapted to
a microculture method, some preliminary work was essential
in order to find the exact conditious to perform the
experiments.

One of the important factors which may affect the
estimation of the proliferative response of the lymphocytes
is the period for which the cells are cultured before
proliferation is measured. At certain times, measurement
of incorporation of labelled thymidine into mnewly syﬁﬁhesized
DNA may not reflect the actual degree of cell-proliferation
as some cells may undergo transformation without having
entered the S phase of the cell cycle. It was therefore
important to find the time for which lymph node cells should

be cultured in order to get maximum thymidine incorporation.




The degree of response to ConA of mouse lymph node cells
in serum—free and serum-containing media was thercfore
estimated al different time intervals. TFurthermore, since
the degree of lymphocyte proliferation after mitogenic
stimulation depends on the amount of the mitogen used (Stobo
et al., 1972; Ling& Kay , 1975; Wang cbal, 1976), it was
also essential to [ind the concentration of ComA which induced
maximim praoliferation. As previous worlk in this laboratory
(Brock, personal communications)} showed that in test-tube
cultures optimum transformation of mouse Lymph node cells
in serum~free and serum-~countaining culture mediuwm was achieved
at concentrations of ConA of 1 and 8 wg/wl, respectively,
in the present investigation a range of values of 0,025 -~
! ug/ml for serum-free and 1 -~ 16 ug/ml for serum-comntaining
medium was used.

It has already been established that when lymphocytes
transform in serum-free conditions, their resﬁonse depends
on the availability of transferrin and iron (Phillips &
Azari, 19753 Brock, 19813 Brock & Rankin, 1981). Since
different saturations of transferrzin with irou have differeut
effects on the proliferation of lymphocytes (Brock, 1981),
it was essential in the present work, to find the saturation
of transferrin with jron which induced a good proliferative
response in order to use it in the subsequent experiments
as a standard positive control. Additionally, as large
amounts of transferrin were needed to complete the studies,

it was important to determine whether human transferrin
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which bhas tlhe advantage of being commercially available
in a highly purified state, could be substituted for the
homelogous mougse transferrin in the in vitro mouse lymphocyte
cultures.,

Lvmph node cells contain a small percentage of cells
other than lymphocytes such as monooytes or macrophages.
The degree of incorporation of labelled thymidine into new
DNA might, therefore, alsc reflect replication of these
adherent cells. Thus, an experiment was performed in which
the dincorporation of labelled thymidine by lymph node cells

was studied in the presence and absence of adherent cells.




2.2 MATERIALS
2.2.1, Andimals, Unless otherwise staled, female CBH/Bi
inbred mice, 12-17 weeks old were used throughout, and

obtained from the departmental animal house stock.

2.2.2. Reagents. When mnecessary, media were prepared in
iron free apparatus {see 2.,3.1.2).

2.2.2.1. Phosphate buffered saline (PBS). This consisted of

Nacl (8 g/1), KCcl (0.2 g/1), Na, HPO) (1.15 g/1) and KH, PO,
(0.2 g/1) (Analar grade, BDH Chemicals Ltd., Poole, Dorset,
England). Solutions were made in de-ionised distilled water
(d-DW) and when appropriate sterilised by filiration.

2.2:2.2, Ferric nitrilotriacetate solution Feo(NTA},10 mM .

This solution was prepared by mixing one volume of a freshly
prepared solution of FeCl (20 mM; BDH) and one volume of

NaNTA (80 mM; pH 7; Sigma Chemical Co., Poole, Dorset, England).
The FeCl3 was added to the NaNTA dropwise with counstant
stirring, adjusting the pH to 5 as required with 1 M NaGH

to prevent the NTA-free acid precipitating., The final pH

was 5. -

2¢2:2+3. Scintillation fluid. This solution was prcpared by

mixing one volume of Triton-X-100 to twe volumes of a
solution of 2,5 diphenyloxazole (5 g/1) and 1,4-di{2(
5-phenyloxozolyl )benzene) (0.3 g/l) in toluene at 56°¢ (all
chemicals obtained from BDH).

2.2.2. 4. Concanavalin A solution. Concanavalin A was obtained

trom Miles Laboratories, Stoke Poges, Slough, Bucks, England
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and solutions of the appropriate concentrations (see 2.4.2)
were prepared in PBS, sterilised by filtration and stored
in aliguots olf 100 pl at -20C. Bach aliquot was used once
only.

2.2.2.5, Human serum albumin solution. A solution of 1%

(w/v) human serum albumin (HSA; Behringwerke, Iloechst, Hounslow,
Middlesex, England) was prepared in RPMI-~1GA40 culture medium
(Flow Laboratories, Irvine, Strathclyde, Scotland). The
solution was sterilised by filtratioun aud stored at 4%¢.

The albumin contained no detectable transferrin (J.i. Brock,
personal communications).

2.2.2.6. Human apotransferrin solution. Iron free (apom)

transferrin was obtained from Behringwerke. A stock solution
(10 mg/ml)} was prepared in PBS coutaining 1% (w/v) NaHCOo
(Analar grade, BDH) to ensure iron binding, sterilised by
filtration and stored at 4°C. It was used within a month.

For 20 or 25% iron saturated transferrin prep&rations, 3.0

or 3.75 pg/ml, respectively, of iron as ferric nitrilotriacetate
complex (5ea 2.2.2.2) was added. For other saturations of
transferrin with iroun, the appropriate amount of Fe(NTA) was
used.

Re2.2:7» Standard culiture medium. The standard culture medium

consisted of RPMI~1640 (without Hepes: Flow) supplemented
with penicillin (100 Iu/ml) and streptomycin {100 pg/ml)
(Flow) and 0.3 mg/ml Leglutamine (BDH). To this 2~mercapto-
ethanol (2~Me; final concentration 30 pM; BDH) and 10%

final concentration of foetal calf serum (FCS; Gibco, Paisley,

Scotland) werc added. For serum~free conditions, HSA.(l mg/ml
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final concentration) and human transferrin (usually 50 pg/ml

final concentration and 30% saturated with iron including

the iron present in the cullture medium; see section 2.4.3)

were used instead of FCS.

2.3 METHODS

2.3.1l. Estimation of iron 5

R2¢e3.1lel. Estimation of dron in the culture medium.

The iron content of the serum-free culture medium (see
2.2.2.7) was determined by Dr D. Halls, Department of

Biochemistry, Glasgow Royal Inflirmary, Scolland, using carbon

furnace atomic absorption spectroscopy. Two different
batches of RPMI-1640 without Hepes culture medium were used

during this work. The iron comntent of the first batch was

12.5 ng/ml and that of the secoud 5 ng/ml. These levels of
iron were enough to saturate 8.9% and 3.4%, respectively of -4
the added transferrin, and these figures were rounded off
to 10% and 5% respectively, in subsegquent experiments.

R2¢3.1.2. Estimation of the iron contamination of plasticware

uged to prepare media or culture cells. B

Iron free plastic bijou, test tubes and pipette tips
werc used throughout this work and were selected from a "

number of items purchased from different suppliers after

estimating their contamination with iron spectrophotometrically, &

using the reagents prepared for serum iron estimation (see

Section 3.2.3). The reagents were left in contact with
the ditem for 30 min and an aliguot was then aspirated and .ﬁ

Lhe absorbance was measured against a reagent blank in a




T em cuvette. Usually ten articles of the same kind were
tested, and the i1ron-Ffree were selected on the basis of
low absorbance (zero = 0.002).

The following itcms were found to be iron~free and used
in the subsequent experiments:
l, Sterile 7 ml plastic bhijou (Sterilin, Teddington, Middlesex,
England).

2. Sterile 20 ml plastic universal bottles (Sterilin; not

tested but informed of suitability by Dr I, Halls).

3. Plastic 10 ml conical bottomed tesgt tubes (Sterilin).
4., Polypropylens test tubes (Falcon, Becton-Dickinsomn, Oxnard
Ca, U.S.A.).

5. Plastic 50 ml tissue culture f{lasks (Gibco).

6. Sterile 96V ~ well microtitre tissue culture plates
(Linbre Chemical Co., New Haven, Conn., TUsSuAs )

7« Plastic 1.5 ml Eppendorf reaction vials (Anderman & Co.
Ltd., East Molesey, Surrey, England).

8, Treff yellow plastic pipette tips (0.200 pl; Scotlab
Instruments Ltd., Carluke, Lanarks, Scotland).

9. Volac blue plastic pipette tips (0-1000 pl; A & J.
Beveridge Ltd., Bdinburgh, Scotland).

Glassware was rendered iron-Tree by washing in 10%

HCL solution for 10 h and then rinsing in d-DW three times.

2.3.2. Preparation of cell suspension and culture conditions.

Cell suspensions were prepared from the peripheral
{(brachial, axillary and inguinal) and mesenteric lymph

nodes of the mice. The lymph nodes were removed from freshly

eve .
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killed mice undcr sterile conditions and the cells were
teased into RPMI~1640 with Hepes (Gibeo) culture medium
supplemented with penicillin, streptomycin and L-glutamine
as described in Section 2.2.2.7. The cell suspension was
mixed well, transferred inte a sterile universal bottle

and left to stand for 1-~2 min to allow any pieces of tissuc
to settle to the bottom. The cell suspension was then
carefully aspirated into a clean universal bottle and the
cells were washed once at 1200 upm for 45~60 sec in the
culture medium. The suspension contained 90~95% lymphocytes
as demonstrated by Leishman stain and were 85-95% viable as
measured by eosin exclusion. The cells were finally suspended
in the culture medium (see 2.2.2.7) at a concentration of
2.3 x 106 viable cells/ml and, unless otherwise stated,

wetre cultﬁred in comnical bottomed microtilre culture plates
(see 2.3.1.2), each well comtaining 2 x 105 cells and ConA
at the appropriate concentration (see 2.4.2) in a total
volume of 100 pl. The importance of adding ConA last should
be noted. Preliminary experiments showed that the addition
of ComA to the medium before adding the cells prevented

transformation particularly in serum~free medium. The cells

were cultured at 37°C in an atmosphere of 10% CO,, S0% air
using a New Brunswick humidified 002 inecuhator, for 2-3 days,
as required. Proliferative responses were assayed by

14

pulsing cells Tor 4 h with 50 ul/well of C=thymidine
containing 12.3 nCi (Specific activity %0~60 mCi/mmol;

Amersham International, Eugland) before the cells were




harvested on a Skatron cell harvester {Flow). The cell-
associated radioactivity was measured for 5 min in a Packard
liquid scintillation counter (Model 3320). Unless otherwise
stated, the cultures were set up in heptuplicates with quadru-

plicate ConA-negative controls.

23,3 Preparation of mouse serum transferrin

Mouse transterrin was prepared from pooled mouse serum
using the method described by Brock et al. (1976) for the
preparation of bovine transferrin except that the initial
step of rivanol (6,9-di-amino-2-ethoxy acridine lactate)
precipitation step was omitted. Mouse serum was prepared
by centrifugation of clotled blood, and after aspiration of
the serum enough iron from RefTA)(see 2.2.2.2) was added to
fully saturate the transferrin. The a"—globulin of the
serum was precipitated at 5°¢ for 24 h with ZM(NHq)stM
(BDH) and the supernalant containing the transferrin was
aspirated after centrifugation in a MSE-high speed~1l8 centri-
fuge for 20 min, at 12,000 mpm. Crude transferrin was
precipitated from this solution at 5°C for 24 h by increasing
the (NHh)QSOh concentration to 2.8 M and recovered by
further centrifugation., The precipitate was dissolved in
distilled water (DW) and dialysed against 0.05 M Tris-
(hydroxymethyl) methylamine (Tris) pH 7.6 for 20-24 h.
Further purification of the transferrin preparation was
achieved by chromatograpliy on DEAE-Sephadex ARO (Pharmacia,
Uppsala, Sweden). The column was equilibrated with 0.03 M

NaCl/0.05 M Tris, pH 7.6, and the transferrin was eluted
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irst with equilibrating buffer and then by stepwlise increase
of NaCl concentration from 0.05 to G.10 M im G.05 M Tris,

pH 7.6, Transferrin eluted al 0.10 M NaCl but still contained
a contaminant (presumed to be haemopexin) which was removed
by chromatography on SP~Sephadex C50 (Pharmacia) eguilibrated
with citrate buffer, 0.02 M, pH 5.1, and eluted with citrate
buffer by a stepwise increase of the pll from 5.1 to 5.55.

The transferrin was eluted at pH 5.,55. Removal of any
remaining iron was achieved by dialysis against 0.02 M sodium
citrate pH 5.1. The transferrin solution thus obtained was
concentrated by ultrafilfration and the purity was tested

by zonal celliulose acetate electrophoresiswmbarbitone bhuffer
(pH 8.6) and mouse transferrin preparation as a standard.

The barbilione buffer consisted of Tris (4.8 g/1), barbitone
{2.06 g/1) and sodium barbitone (8.13 g/l). The samples

were applied at the cathode and run under a constant current
(20 mA) for 1L h. The concentration of the transferrin in

the solution was estimated spectrophoftometrically by measnring

the absorbance at 280 nm and using the extinction coefficient

value; Eiiﬁ = 11,2 for human transferrin {Feeney & Komatsu,
1966), PFinally the preparation was dialysed against three

changes of DW at 53°C for 24 h amnd freeze-dricd.

2.3.4. Leishman stain

About 6 x 105 cells were deposited on te clean slides
in a Shandon cyloceuntrifuge at 1200 r.p.m. for 90 sec. The
preparations were air dried and then fixed and stained by
immersing the slides in undiluted Leishman stain for 2Z min

and then in diluted stain (I in 3 im DW) for 10 min. The
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slides were then washed in tap water, air~dried and examined
in a Leitz~Wetzlar light microscope (x 200). The number of
large Dblast 1like cells and total cell counts in difterent
fields taken aft random were obtained and the percentage of
blasts was calculated. About 300-350 cells were counted

each time.
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2.4 RESULTS

2.4.1., Time-=course of the proliferative respounse of mouse

Iymph node lymphocytes ‘to Concanavalin A in vitro

Mouse lymph wnode cells were cultured in serum—~free and
serum=containing medium as described in Section 2Z.3.2. At

different time intervals cells were pulsed, harvested and

their radicactivity was measured (see 2.3.2), Controls
without ConA were also included. The maximum proliferative

response in both media was obtained belween 46-71 h with

the peak at 56 h (Fig. 2a), and therefore, in the subsequent f;
experiments, the cells were cultured for 55-069 h. Although :
in this experviment the degree of transformation of the cells
when cultured with ConA in medium containing serum was not

very much higher than the response when serum-free medium

was used (Fig. 2a), serum-containing medium sometimes induced
better transformation than the serum-free conditions (Fig. 3,
and other preliminary experiments mnot reported here). This

was probably due to the fact that the serum-contalining medium
contains nutrients and growth-promoting factors other than
albumin and transferrin, hence the cnhanced proliferation of
the lymphocytes. In the absetce of ConA the degree of
transformation in both media was very low (Fig. 2b). liowever,
there was some transformation observed which might have

been the result of non-specific stimulation of some Llymphocytes
due to a few mesenteric lymph node cells having been

antigeuically stimulated prior to culturing. Furthermore,

the background transformation of lymphocytes in serum~containing
medium was very muclhh higher than when the cells were cultured

in serum-free couditions. %




Figure 2: In vitro transformation of mouse lywphoeytes in

serum-containing (e - ®) and serum-free (» - o) medium. o
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(a) Cells cultured in medium containing concapavalin A (4';g/ml
for serum—containing medium, 1 pg/ml for serum—free medium)

(b) Cells cultured without concanavalin A.




2.4.2., The effect of different concentrations of concanavalin A

on the proliferalive respouse of mouse lyvmph node cells

Lymph node cell suspensions were prepared as described
in Section 2.3.2, The cells were cultured in serum-free
medium (see 2.2.2,7) containing 025, 0.5, 1, 2 and 4 pg/mi
of Cond, ov in serum-—containing medium (see 2.2.2.7) coutaining
1, 2, 4, 8 and 16 pg/ml of ConA. The cells were cultured
for 61 h and proliferative responses were assayed as described
in Section 2.3.2, Two different titration experimenis were
performed using different batches of RPMI-1640 medinum and
Cond. In the first cxperiment, culture medium containing
12.5 ug iron/ml was used., When a new hatch of Cond was
required; it was titrated using a new batch of culture medium
in which the endogenous iron was 5 ng/ml. Figure (3a,b) shows
the responses of lymphocytes to ConA in serum~containing and
serum-free medium, respectively using the first batch of Conl.
Tlie concentrations of ConA which induced optiﬁum transformation
were 4 and 1 pg/ml, respectively. However, when the new
batch of Cond was used, maximum transformation was obtained
at concentrations of 2 and 0.5 pg/ml for serum-containing
or serum~free medium, respectively (Fig. &). The reason
that higher concentrations of Cond were mneeded to induce
optimom transformation in serum-containing than in serum-~free
medium was probably that scme of the ConadA binds to serum
proteins in the medium. In the subsequent experiments the
concentrations of ConA used were 1 or 0.5 ug/ml for serum-
free medium and 4 or 2 ug/ml for serum-containing medium for

the first and second batches of ConA, respectively.
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Figure 3: The effect of concanavalin A (batch 1) on the
in vitro transformation of mouse lymphocytes in
serum=containing (a) and serum~free (b} madium.
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Figure 4: The effect of concanavalin A (batch 2) on the
in vitro transformation of mouse lymphocytes in
serum—containing {a) and serum—free medium (b).
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2.4.3, The response to concanavalin A of mouse Llywph node

cells in sermam-free media containing dilfferent

salturations with dron

Lymph node cells were cultured with ConA 1 pg/ml
(see 2.4.2) in serum-free medium containing transferrin
of total saturation with iron of 10, 30, 50, 70 and 100 per
cent (see 2.2.2.6). Negative controls without ConA were

also included. The cultures were set up in guadruplicate

with duplicate ComnA-negative controls. Two-way analysis of
variance (Two-way ANOVA)of all observations (excluding those
when 100%~iron-saturated transferrin was used) showed that 7%
in medium containing l0%—iroun-saturated transferrin the

proliferative respanse of the lymphocytes was significantly

lower than when trausferrin 30 to 70 per cent saturated with
iron was used (Fig. 5). In subsequent experiments, therefore,
the effect of restriction of iron on lymphocyte transform-
altion was investigated by using 10%uiron—satﬁrated trans-
ferrin dn the culture medium. The degree of transformation
of lymphocytes in medium containing l0O0%-iron-saturated
transferrin was also very much reduced. This suggests that
at very high saturation of transferrin with iroun, the iron
may be toxic te the cells. Nevertheless, in subseqguent

experiments the cells were cultured in mediuwm containing

30%-iron-saturated transferrin for a positive control response.
This saturation of transferrin was chosen for the reason

that it may be more appropriate to conditions in a responding

lymph node {see Discussion, p,78 ). TFurthermore, a difference
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in Llymphocyte transformation-promoting activity between

L0 ancd 30 per cent irou~saturated transferrin was consistently

observed in this set of experiments as well as in other

experiments (see Chapter 3).

2.4, Bffect of mause and human transferrins on the response

of mouse lymph node cells to concanavalin A

Mouse lymph node cells were cultured as described before
{see 2.3.2) in serum-free medium containing Cona {0.5 pg/ml;
see 2.4.2) and 30%-iron-saturated human or mouse transferrin.
Experiments using l0%-iron-saturated transferrins were also
included. The degree of transformation of Iymphocytes in
medium containing 30%-iron-saturated mouse transferrin was
not statistically different from the respcﬁse in medium
containing 30%~iron-saturated human transferrin (Table 1).
Further, the mitogenic response of lymphocytes in medium
containing l0%~iron-saturated mouse or human translerrin
did not differ from easch other, and were wreduced compared
with the respounses when 30%~ircomn-saturated transferrins were
used. These results indicate that human transferrin does
not differ from mousec transferrin in its ability to promote
lymphocyte preliferation and that human transferrin can
be substituted for mouse for the in vitro lymphocyte cultures

in serum~free conditions.

2.4.5, Effect of adherent cells on the transformation of

mouse 1lvmph node cells

Mouse lymph mnode cells (2 x 106 viable cells/ml) were

cultured in serum-free or serum~containing medium in flal~
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bottomed 24-well plates (Linbro Chemical Co.), each well
containing 1 ml of cell suspension and Comd at 1 or 4 pg/ml
(see 2.4.2), respectively. The cells were cultured as

described before (see 2.3.2) for 65 h before being pulsed
1

with 30 nCi of “C—thymidine for 4 h. However, before the
cells of each well were pulsed, they were mixed and the
medium containing the cells was transferred to a clean well
in the plate in order fto separate the adherent cells from

the lymphocytes. Controls consisting of cells cultured

but not transferred bhefore being pulsed, as well as negative

controls without ConA were included. The cultures were
set up in guadruplicatc with duplicate ComnA-negative controls. %
Incorporation of qu—thymidine into cells which were trans-—
Terred into clean wells before being pulsed with the

labelled thymidine was the same as ¢ells which were not

transferred (Table 2), in both serum-containing or serum-free

medium. Microscopic observations with a Nikon phase contrast ?}
microscope {x200) of the wells from which cell suspensions
were removed revealed macrophage~-like cells adhereut to

the bottom of the wells. These results indicate that the

cellwassociated radiocactivity was due to activity of lympho-
cytes and not due to that of monocytes or macrophages.
The degree of transformation in the absence of. ComnA

was higher in experiment I than in experiment II. The

reason for this was unot clear, but in neither case was

shown any difference between cultures with or without ' =y

adhierent cells.




0
D~

*TT ¥ T pswIocided sasm

SIUBUTISAXES Dm) +

‘o= 0 ‘Yuoi- £) = U fyunl + f°(Q°g T SIURO3 ues|j <s8$B3 TIB UT T'0 < d »
BT 7 903 ES 6187 78t E A 9L07% yuoi- STTE2
JuU8Isype
BUTUTB3UGCS
0u
L18 3 G9051 786 o 99¢yi L70T ry 8986 IFANA T opal - #uL I+
8 F 968 gt T G300 R £Zc¢ (1} S gg6 guo3— STTS2
2UBIBURE
Burutezuno
98s 7 82.091 7eg T Yievt By6 3 9445 SE¥T 7 9818 ¥yuod+
suaTsusdsns
1190 apou ydwAy
Il I +HH +H unTpatl Ut
pPBIN3TNO
BUTUTRIUCI-UNIBS aad J=-uIeg sTT2)

(-wed+0) vapyerodioout m:wUHE>:uluvﬁ

*STT80 juBdsype JD 8JUSSHE J0

soussaxd su] ur $33Ac0ydwif ssnow 0 UOTYIBWIOJISUBIY

oI TA UT *Z o1gel




- 73 =

2.5 DISCUSSION

Measurement of incorporation of radiolabelled precursors
into DNA by mitogen stimulated lymphocytes has been used
extensively to follow proliferation in vitro. The method
measures an increased amount of biosynthetic activity
fellowing stimulation and therefore reflects directly the
increased numbers of transformed cells. Prcliferation also
depends on the activity of macrophages; IL-1 production by
macrophages and also anligen presentation during antigenic
stimulation, play a crucial role in the proliferation of
lymphocytes (Larsson et al., 1982; Rock & Benacerraf, 1983;
1984; Reske-~kunz et al., 1984). However, as seen in the
preseunt investigation, macrophages did not'incorporate
labelled thymidine (Table %), indicating that the accumulation
of th—thymidine by stimulated mouse lymph node cells was
the result of lymphocyte activity alone and not due to
activity of these adherent cells.

In this study, it was found that maximum incorporation

!
l4C—thymidine in responsc to Cond by mouse lymph node

of
cells in serum-free or serum~containing media occurred in
46-71 h cultures with a peak at 36 h (Fig. 2). In many

cases lymphocoytes have bheen cultured for a loanger time

before the degree of proliferation was assessed by measuring
the incorporation of labelled thymidine into newly synthesized
DNA (Joynson et al., 1972; Kulapongs et al., L9745 Phillips

& Azari, 1974; Fletcher et al., 1975; Gross et al., 1975;

Sawitsky et al., 1976; Brock, 1981; Van Heerden et al., 1981y

Krantman et al.,, 1982; Novogrodsky et al., 1982; Soyone et al.,

——— S—
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1982; Kuvibidila et al., 1983a;Bonnet et al., 198L4; LipKowitz
et al., 1984; Payan et al., 1984). However, most of
these workers used peripheral human blood lymphocytes
(Joynson et al., 1972; Kulapongs et al., 1974; Phillips &
Azari, 1974 Fletcher et al., 1875; Gross et al., 1975;

Van Heerden et al., 1981 ; Krauvntman et al., 1982; Novogrodsky
et al., 1982; Payan et al., 1984), while mouse lymph node
cells were used in the present investigation. Others have
used lymphocytes from the spleens of rats (Soyano et al.,
1982) or mice (Kuvibidila et al., 1983a,b)Brock (198L) used
mouse lymph node cells, but ftest-tube cultures were used
rather than the microculture method emploved in the present
investigation. In general, there is heterogeneity in the
.proliferative response of lymphocytes in vitro depending

on the species, type aud conceuntration of the mitogen (6r
antigen), and age of the animal from which the cells are
isolated (Ling & Kay, 1975). Despite this heterogeneity

it has been shown that the first period of DNA synthesis

hy stimulated lymphocytes occurs U8~72 h after addition of
the mitogen (Soren, 1973; Ling & Kay, 1975), although a
small proportion of cells may be early (24 h) or late (above
100 h)} responders (Soreun, 1973). Furthermore, Sasaki &
Norman (1966) showed that 48-70 h cultures of lymphocytes
consist of cells which are in the first cycle of division
and that after 72 h stimulated cells are in the second or
third metaphase. However, despite the fact that 72 h
cultures have been more often used, in the present investie~

gation, the cells were cultured for 55-69 h since maximum




proliferation of mouse lvmph node lymphocytes occurred at
this time (Fig.2a ). In the absence of ConA the
proliferative response in both media was very mucli lower
than when it was present. However, there was still some
incorporation of l“c—thymidine by the cells (Fig. Eb).
This might have been due to repairing of DNA by some cells,
or the result of non-specific stimulation of some lymphocytes.
A few mesenteric lymph node cells might alsc have been
antigenically stimulated prior to culture. The dincorporation
of labelled thymidine by unstimulated cultures was greater
when the cells were cultbtured in medium containing FCS
(Fig. 2b). Toetal calf serum has also been found to produce
a considerable "background" stimalation of human Iymphocytes,
which in 7~day cell cultures, affected from 5~48% of the
lymphocytes [Joynson & Russell, 1965). However, the
"background" stimulation observed in both media was always
very much lower than the response of the mitogen-~containing
samples. Serum-free medium, therefore, has au advantage
over serum-containing medium in always giving low "background?..
The incorporation of 1ac—thymidine by lymph node cells
cultured with Conld depended on the concentration of ConA
used (Figs. 3,&). It is well established that fthe degree
of lymphocyte proliferation in viltro depends on the strength
of the stimulus received which in turn will depend on the
mimber of moleciiles ot mitogen bound te the cell surface
receptors (Stobo et al., 1972; Ling & Kay, 1975). At
concentrations of ConA above the optimum, however, the

effect of the mitogen on the cell prolilferation and
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differentiation 1s inhibitory rather than stimulatory as
indicated by tlhie decreased incorporation of 140»thymidine
(Figs. 3,4). Concanavalin A is an agglutinin {(Ling & Kay,
1975), so0 that at higher concentrations it may cause some
agglutination of lymphocytes, and hence decreased responses.
In addition, the binding of the mitogenic lectins has a
distinctive effect on the mobility and distribution of all
receptors on the lymphocyte cell-membrane (Yahara &

BEdelman, 1972; Cunningham et al., 1976). Depending on the
conditions ol cell-cultures, Cond has two antagonistic
effects on the mobility of the cell receptors, and at

high concentrations, it causes inhibition of cap formation
by both its own receptors and other receptors, thus affecting
receptor~cytoplasm interaction, and therefore mitogenesis
(Yahara & PBdelman, 1972; Wang et al., 1976). This typical
unimedal deose~response curve seen in the mitogeuic
stimulation of lymphocytes has been also observed by other
investigators (Ling & Kay, 19753 Cumuinghbam et al., 19763
Stobeo, 1977) and indicates the need to accurately

determine the dose of CondA for optimum response. It was

found, in the present investigation, that higher concentrations ]

of ConA were needed to induce optimum transformation in
serum=containing medium than when serum-free conditions
were used (Figs. 3,4). This was probably because some
ConA binds to serum proteins in the medium. It has been
shown that mitogens such as PHA and ConA can react with
a~macroglobulin, B~lipoprotein and TIgM and to a lesser

2
extent with Igad {(Morse, 1968; Powell & Leon, 1970; Ling &
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Kay, 1975). Binding, thercforc, of the mitogen to these
molecules will cause a reduction in the ftotal number of
mitogen molecules available for lymphiocyte activation.

Since lymphocvte proliferation initially depends on the

strength of mitogenic stimulus, higher concenitrations of

mitogen will, therefore, be needed to induce a proliferative

response when serum proteins are present. In earliier

experiments it was found that optimal transformation was

obtained using 4 pg/ml and 1 pg/ml in serum-containing and

serum~free media, respectively (Fig. 3). However, variation

in the proliferative response of lymphocytes cultured in

both media was observed when a second batch of Cond was

nesded later on (Fig. 4), and therealier optimal transformation

required concentrations of 2 pg/ml and 0.5 pg/ml, respectively.

The degree of proliferation of mouse lymph neode cells

cul tured with ConA in serum~free condilions also depended
on the saturation with iron of the transferriu present

in the medium. Maximum proliferation was observed at a

saturation of transferrin with iron of '70% (Fig. 5). Since,

in vivo, saturation of mouse transferrin with iroun is

65~80% {Puschmann & Ganzoni, 1977; Kuvibidila et al., 1983a;

also Chapter 3), the above result may indicate that the

saturation with ivon of the transferrin added to the medium

required to induce optimum proliferation of mouse lymphocyvtes

in vitroe may correspond to normal in wvivo transferrin
saturation. At lower saturations of transferrin, the

proliferative response of lymphocytes was progressively

reduced (Fig. 5). Brock (1981) also showed that the degree
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of proliferation of mouse lymph mnode cells cultured in
serum-free conditions depended on the saturation of trans-
ferrin with iron, and that maximum proliferation was observed
at 30-70% saturation of transferrin with iron. However,

he found neo significant difference in the lymphocyte response
when 30 or 50 per cent iromn-saturated transferrin was used
which is different to the results observed in the present
investigation. This might have been due to the different
experimental conditions employed. NHowever, 30%-iron-
saturated transferrin was subsequently used as a positive
control for the reasou that in a lymph node lthe saturation

of transferrin with iron may be lower than that in the serum
especially when a local respouse causes a rapid uptake of
transferrin-bound iron, resulting in a local reduction of

the saturation of transferrin.

The initial step in the uptake of iron involves tThe
binding of the transferrin to specific cell membrane receptors
and in rat hepatocytes (Young & Aisen, 1981l) and iu rabbit
reticulocytes (Young et al., 1984b) the strength of interaction
of transferrin with the receptor decreases from diferric
to monoferric to apotransferrin. Furthermore, in human
reticulocytes iron from diferric transferrin is more rapidly
taken up by the cells than iron from monoferric transferrin
(Huebers et al., 1981b; 1983). In consequence the degree
of transformation of lymphocyvtes in medium containing
partially saturated transferrin will most likely depend
on the proportiouns of monoferric, diferric and apotransferrin
molecules, hence the increased proliferation asscciated

with increased percentage saturation of transferrin with
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iron observed in the present investigation. IFrom the data

of Williams et al. (1978) it can be calcnlated that for
ovotransferrin to which iron as Fe(NTA) in 0.1M - NaHGO3

is added to saturate the transferrin by 70%, 50% of the
molecules are expected to he in the diferric form and 40%

and 10% would be monoferric and apotransferrin, respectively.
However, alt lower saturations of transferrin with iron the
number of diferric molecules decrease and the number of
monoferric and apotransferrin ﬁolecules will increase
accordingly. Thus, the results suggest that the amount of
iron bound to transferrin may be important in determining

the degree of proliferation. However, at 100% saturation

of transferwxin with iron, the degree of transformation of
mouse lymphocytes was lowexr than when the cells were cultured
in medium containing 50 or 70 per cent iron-saturated
transfecvrin (Fig. 5). Brock (1981) also reported similar
results. It seems, therefore, that with mouse Llympl node
cells, the higher the saturation of transferrin with iron

the better the in vitro proliferation until iron=-saturation
of transferrin reaches a level which corresponds +to the

in vivo situation. Above this level, the effect is reversed
and transformation is reduced. Several explanations are
possible. It has heen suggested that transferrin-bound zinc
is also dimportant for lymphocyte proliferation (Phillips,
1978) and since iron binds to transferrin with higher affinity
than zinc (Fraenkel~Conrat & Feemney, 1950; Warner and Weber,
19533 Tan & Woodworth, 1969) saturation with iron will

prevent the binding of zinc, However, Chesters aund Will
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(1981) found that albumin was the major transport protein
for zine in the plasma and not transferrin, and they showed
that zinc-binding (o transferwvin was quantitatively in-
significant. Another possible explanation arises from the
observation that lymphocytes, unlike many other types of
cells, do not synthesize ferritin in response Lo increased
levels of iron (Summersgi at., 1975; Suwmers and Jacobs, 1976;
Lema & Sarcione, 1981). At high transferrin saturation
with iron, uptake may, Llhevefore, proceed toc rapidly to
allow adequate intracellular processing, with pessible
toxic effects and a counsequent reduction of transformation.
In the present investigation, it was also found that
the degree of proliferation of mouse lymph unode lymphocytes
cultured in serum~-free mediwn containing either mouse or
human transferrins of the same iron~saturation was not
statistically different (Table 1). This indicates that
human transferrin is as good as mouse {ransférrin in
promoting proliferation of mouse lymphocytes and that the
transferrin receptor in mouse lymph node cells could interact
egqually well with either human or mouse transferrin. Human
transferrin can, therefore, be substituted for mouse for
in vitre lymphocyte cultures in serum-free conditions.
Brock (198L) also showed that human transferrin induced
similar proliferative response as mouse transferrin when

lvmph node cells were culiured in serum—free conditions.




CHAPTER 3
THE EF¥FECT OF TRON DEFICIENCY ON THD

IN VITRO TRANSFORMATION OF MQUSE

LYMPH NODE LYMPHOCYTES




3.1 INTRODUCTION

Iron deficiency has often bheen associated with decreased
cell-mediated immune responses. Clinical studies have
demonstrated impaired delayed type hypersensitivity to

PHA (Talwalkar et al., 1982} and PPD of Myccbacterium

tuberculosis, Candida antigens (Joynsou ei al., 1972),

diphtheria toxoid and streptokinase-streptodorunase (Macdougall
et al., 1975) and to Trichophyton antigens (Chandra &

Saraya, 1975) in humans with iron deficiency anamemia.
Farthermore, impaired in vitro blasitogenic activity of
peripheral blood lymphocytes to PPD and Candida auntigens
(Joymson et al., 1972), pokeweed mitogen (PWM; Sawitsky

et al., 1976}, PHA (Bhaskaram & Reddy, 1975; Chandra and
Saraya, 19753 Fletcher et al., 1975; Macdougall et al.,

1975 Sawitsky et al., 19763 Van Heerden et al., 1981) or
Cond (Van Heerden et al., 1981) have been reported in iron
deficient anaewic adults and children. Chilaron with latent
iron deficiency also showed reduced skin test respomnses to
diphtheria toxoid and streptokinase~streptodornase, and
reduced blaslogenic responses to PHA {Macdougall et al.,
1975). Lymphocytic function as assesscd by leucocyte
migration inhibition tesl was also dmpaired in iron delficient
anaemic adults (Talwalkar et al., 1982):. The proportion of
circulating T-lymphocytes has also been found to be reduced
in iron-deficient anaemic adults (Bhaskaram & Reddy, 1973;
Chandra & Saraya, 1975; Fletcher et al., 1975) and in

children with latent iron deficilency with or without aunaemia
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1., 1976). Iron therapy increased the

(Srikantia et
proportion of T-lymphocytes (Bhaskaram & Reddy, 1975;
Fletcher ct al., 1975) and lymphocyte proliferalion in vitro

(Fletcher et al., 1975; Macdougall et al., 1975; Sawitsky

et al., 1976) back to mormal values, although in one study

no change in 3I-I—thymidine uptake was observed after iron

therapy (Bhaskaram & Reddy, 1975). In addition, iroun
repletion in vivo caused an increase in delayed hypersensitivity
to PHA and alsc improved secretion of migration inhibition

factor by lymphocytes (Talwalkar et al., 1982}, Animal

studies have also shown that cell mediated immune responses
may be affected in iron deficiency. Delayed cutanecus
hypersensitivity reactiouns of iron~deficient anaemic mice

to dinitrofluorobenzene, measurcd as the rate of incorporation
of iodinated DNA~precursors in the sensitised area was

markedly decreased when compared to control ov pairled

groups (Kuvibidila et al., 1981). ITujection of iron prior
to the recall dose restored the rate of INA~synthesis in
the anaemic mice but had no effect on either the control ox

pairfed groups. Furthermore, the respounse of splenic

lymphocytes from iron-deficient mice to PHA, CounA and

lipopolysaccharide (LPS) was significantly dimpaired when

compared with control mice (Kuvibidila et al., 1983a, b)

and there was alsc a small but signdficant decrease in the
number of peripheral blood lymphocytes (Kuvibidila et al.,
1983a). Addition of mouse transferrin (unspecified saturation)

or ferric chloride to the culbture medium partially restored




the response of the cells to PHA but not to Comnd and LPS,
while haemin restored responses to both PHA and Conl
(Kuvibidila et al., 1983b}. However, no explanation was
offered by the authors of the different responses of the
lymphocytes under the different conditions employved.
Furthermore, the in vivo repleilion of iron levels of the
iron~-deficient group resulted in the in vitro restoration
of the blastogenic response of lymphocytes to PHA, while
the response to ConA and LPS was improved but nof fully
restored (Kuvibidila et al., 1983a). In contrast to the
above findings Soyano st al. (1982) found a marked increase
in the proliferative responses to PHA, ComnA and PWM of
splenic lymphocybtes from iron~deficient rats whereas the

response of thymic Iymphocytes was very much impaired. It

was suggested that this difference could have been the

result of an alteration of the cell populations in the

various lymphoid compartmentbts.

It appears therefore, that iron deficiency may affect
cell-mediated immunity in vivo or in vitro inm both man and
experimental animals. However, there have also been
reports of normal cell-mediated immunc rcspdnées and
blastogenic activity of Ilymphocytes in iron deficiency.
Delayed type hypersensitivity reactions to dinitrochloro=
benzene in iron-deficient patients were found to be the
same a8 in tﬁe control groups (Gross et al., 1975). Further-

more, the proliferative responses of peripheral blood

Lymphocytes to PHA or ConA in iron-deficient patients

(Gross ¢t al., 1975; Srikantia et al., 1976; Van Heerden




et al., 1981) and in children with iron deficiency anacmia,
vetore and after irvon therapy (Kulapoungs et gl., 1974) did
net significantly differ from that of the countrol groups.
Krantman ¢t al. {(1982) and Gupta et al. (1982) also found
that the response to PHA of lymphocytes from iron-~deficient
anaemic children were within the normal range. However,
there was an increased responsiveness of the cells after
iron therapy (Krantman et al., 1982). The proportion of
T-1lvmphocytes has also been reported te be within normal
range in iron deficiency azlone (Van Heerden et al., 1981)

or with anaemia (Van Heerden et al., 1981; Krantman et al.,
1982), which conflicts with reports cited earlier indicating
a decreased proportion of T-~cells. Furthermore, Srikantia
et al. (1976) Tound that children with anaemia and normal
transferrin saturation had an unexpectedly lower T-cell
count than children who had evidence of both anaemia and
latent iron deficiency.

The precise cellular or molecular defects in lymphocytes
that may be induced by or associated with iron deficiency
remain unclear. Oune of the reasons for this may be the
Jack of control of other factors which may affect the
immune status. The presence of infectlions (Mendes et al.,
1971; Mendes & Raphael, 1971) or the use of anti-inflammatory
drugs (Tormey et al., i96?) or immunosuppressive agents
(Baxter & Harris, 1975; White et al., 1979) have been
known to depress celle-mediated immunity. Deficieucies
of other nutritional factors such as ziuc (Cunninghamw

Rundles et al., 1979; Gross gt al., 1979; Pekarek et al.,
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19795 Beisel, 1982) or copper (Beiscl, 1982) or deficiency

of vitamin A (Krishnun et al., 1974; Bhaskaram & Reddy,

1975; Levie & Emden, 1976) and vitamin By, (MacCuish et al., i
19743 Das & Herbert, 1978) have also been shown to depress

cell-mediated immune rcspounses. Il some reports on the

in vitro or in vive cell-mediated immune responses in iron i
deficiency in humans, existence of infections, malignancies,

usage of immunosuppressive agents by the patients or signs

of protein or vitamin deficiencies were not excluded

(Bhaskaram & Reddy, 1975; Chandra & Saraya, 1975). In %

other studies, although clinical signs of infection and
chroniec illness (MacDougall et al., 1975; Srikantia et al.,
1976:; Krantman el al., 1982) were excluded, vitamin or
other biochemical deficiencies were not Jooked for and

could afflect interpretation of their findings. Since

infections and othexr nutritional factors which affect cell=-

mediated immunity ave difficult to control in buman studies,

it may be preferable to study the in vitro or in vivo

cell-mediated immune responses in an experimental animal
model in which infections and presence of deficiencies
other than iron are better controlled, and age and sex
matching more eamslly achieved. Although animal studies
have been carried out before (Sovano et al., 1982; Kuvibidila %
et al., 19&3a, b) these studies have mnot provided an adequate ?
explanation for the observed changes in lymphocyte trans-—

Tormation resulting from iromn deficlency.




The biochemical basis of reduced cell-mediated immme
responses and in vitro lymphocyte transformation which may
be associated with iron deficiency has not been elucidated.
A factor which may be significant is the reduction in
levels of d1rom available to Llymphoeytes for mitosis and
DNA synthesis. Hershko et al. (1970) sliowed that DNA
synthesis by bone marrow cells is reduced in iron deficiency,
and it is known that iron is required for the activity of
the enzyme ribonucleotide reductase which is involved in
the reduction of ribonucleoside diphosphates to deoxyribo-
nucleotides {See 1.1.6). It is possible that the reduced
lymphocyte proliferation may resull from deleciive DNA
synthesis due to inadeguate levels or activity of ribo-
nucleotide reductase. It dis therefore critical in elucidating
the effect of iron deficiency on lymphocyte responses in
vitro to use an experimental system which allows limitation
of dron supply in the culture of lymphocytes; The contro-
versial nature of the data on the correlation of iron
deficiency and lymphooyte proliferation in witro reported
in the literature may therefore have arisen due to the
fact that while most investigators used normal serum or
foetal calf serum in their lymphocyte cultures, others used
autologous serum. The iron content of these scra would
undoubtedly vary. However, it is now possible to study
the in vitro mitogenic respounse of lymphocytltes using serum-
frece conditions [Dillner—Centerlind et al., 1979; Brock,

1981) wliiich allow iron levels to be accurately controelled.




This study was carried out in an attempt to define
more c¢losely the effcct of irom deficioney, and in particular
the role of circulating {(i.e. transferrin-bound) iromn
on lymphocyte transformation. To ensure the absence of
environmental or other nmutritional factors which might
influence results, an'experimental animal model consisting
of mice fed on defined diedts of known iron content was used.
TMurthermore, iron levels in the culture media were controlled
using both serum-free and ssrum-containing media, in order
to relate lymphocyte transformation to the availabilitby

of transferrin-bound iromn.
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3.2 MATERTALS

3.2.1, Mice. Unless otherwise stated, femalc 7-8 weeks old
mice were used throughout the experiments described in

this chapter.

3+2,2. Diet. Information for the formulation and preparation

of the semisynthetic diet was kindly provided by Dr C.F.
Mills, Department of Inorganic Biochemistry, Rowett Research
Institute, Aberdeen. Table 3 lists the ingredients of the

complete diet. Table 4 lists the resulting concentrations

of the essential elements. To prepare the diet, the cascin
and methionine were mixed with two-thirds of the sucrose.

The remaining sucrose was put aside for pre-~mixing the other

supplements. To the basic diet, finely ground mineral
supplements (elements 14~18, Table 4) were added. The
metasilicate was powdered in a colfee-mill in a fume-licod
and mixed with sucrose before being added to the diet.

Major trace elements {(Cu, Zn, Mn and when necessary, Fe)

were powdercd and mixed with another powtion of sucrose
before addition to the diet. The minor trace element mix L
(Table 3) which was made in a sucrose carrier (4.97 g
sucrose) was prepared in bulk and stored at 4% in a
tightly stoppered polythene jar. The sucrose/minor trace
element mix was ground with more sucrose before being added

to the diet. The water scoluble vitamins were first

dispersed in sucrose (0.3 g) and inosilol, then ground to iy

a fine powder in a mortar and mixed with more sucrosc before




Table 2: Complete diet (1 kg).

Ingredient ' Weight of ingredient
Cassin (60 mesh) 200.00 g
Methionine (Sigma) 5.80 g
Commercial sucross 548.00 g
Inositol (Sigma) 0.40 g
Arachis il (Pharmacy, Gartnavel lno.oo g

Gengral Hospital,

Glasgow)
CECGS 15.00 g
Na H"PO, 6.60 g
KH Pﬂq 15.70 g
kot 1.10 g

NQSD «7H,0 5,10 g

(Na sf0 gH c 0.76 g

(Nafo E 0 1.70 mg

(NaF "1— Minor 5.50 mg

E { trace 9.27 g

%le 4 ol ement 2.60 mg

nCl i x 3.20 mg

(K Cr 0, 14,00 mg
(Na SBD C.23 mg
cndo,,« Shz 15,70 mg
Fasa,, . 7H 0% 249.00 mg
Mn504 4HZD 203.00 mg
ZnSDa.?qu 176.00 mg
Thiamine”(Sigma) 10.00 mg
Pyridoxine (Sigma) 10.00 ma
Riboflavine (Sigma) 10.00 mg
p-aminobenzoic acid (Sigma) 10.00D mg
Nicotinic acid (Sigma) 30.00 mg
Ca-pantothenate (Sigma) 20.00 mg
Folic acid (Sigma) 5.00 mg
Biotin (S5ioma) 5.00 mo
Tocophernl acetate (Vit.E; Sigma) 0.20 g
Retinylacetate (Vit. A; Sioma} 0.80 mg
Calciferol (Vit. D; Sigma) (.27 mg
Choline chloride (BDH Chemicals Ltd.) 1.00 g
Yitamine B., {Sigma) 25.00 1.9
Menadione %61 Ko Sigma) 5.00 mg

* Added as approprlats.
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Tahle 4: Essential elements and their dietary coneentrations.
No. Element CogiZﬁ:E;tinn
(mg/ka)
1 Cu 5.0
2 Fe* 5.0
3 Mn 50.0
4 Zn 40.0
5 Si 100.0
6 1 i.0
7 F 2.5
8 Y 0.2
9 N 1.0
10 Sn 2,0
i1 Se 0.1
12 Cr 5.0
(a/ka)
13 Ca 6.0
14 K 5.1
15 Mg 0.5
1o Na 243
17 p 5.0
id Cl 0.5

* Added as appropriate.




addition to the diet. Choline chloride was mixed with

vitamin Blz and the remainder of the sucrose before being

added to the diet. The water insecluble vitaminsg consisting

of vitamins A, D, X, and E were dissolved in chloroeform

3

{1 m1l) and mixed with the arachis ail before addition to

the diet. The complete diet was thoroughly mixed and stored
at -4°¢ iun portions of 500 g. Enough diet was prepared to
allow 5 g dict per mouse per day. The diet was used within

6 weeks. Two diets were prepared, one containing FeSOM

and the other without iromn. The iron-contenl of the iron-
deficient diet was kindly estimated by Dr D, Halls using '3
carhon furnace atomic absorption spectroscopy and was fouund
to be 820 ng/kg. The diet supplemented with FeSO& contained
an iron level of 50 mg/kg.

ALl glassware used for the preparation of the iron-

deficient diet were rendered irou-free prioriouse (see 2.3.1.2).

3.2.3¢ Reagents lfor cstimating the iron status of mice

3a2¢3¢1le Acid dipest solution. This solution, used for the

extraction of non~haem irom Trom the mouse liver samples,
was prepared by dissolving 10 g of trichloroacetic acid (Tca;

Aunalytical reagents gradc, M & B Ltd., Dagenham, Essex,

England) in d-DW (70 ml) and adding 29.7 ml of concentrated

HCl (Analar grade, BQH).

3:2453:+2. Protein precipitani solution. This contained 10%

(w/v) TCA, 3% (v/v) thioglycolic acid (BDH) and 2M HCl.

It was stored in the dark in an iron-free glass universal




and used diluted 1:3 in d~DW.

3.2.3.3. Ferrozine chromogen. This was prepared by dissclving

105 mg of ferrozine (3-(2-pyridyl)-5,6-bis{b=-phenylsulphonic

acid)=1,2,4-thiazine, BDI) in a drop of d-DW and then adding

100 ml of salurated sodium acetate (4nalar grade, BDH) made ﬁ

in d=-DW.

3.2.4. Reagents for estimating haemoglobin levels s

A kit was supplied by Sigma (¥it No. 525).

3.2.4.1. Reagents supplied in the kit

3.2.4%.1.1. Drabkin's reacent (5tock No. 525»2). This was H

a dry mixture consisting of sodium bicarbonate (100 parts),

potassium ferricyanide (20 parts)and potassium cyanide

(5 parts).

3¢2 44142, Brii-35 solution (Stock No. 430 Ag-6). This fj

solution contained Brij~35, 30 g/l00 ml.

3.2.4.,1.3. Haemcglobin standard (Stock No. 525-18). This

contained lyophilized human haemoglobin equivalent to 18 g
(i 1%) haemoglobin per 100 ml whole blood when reconstituted q

with Drabkin's solution. B

J.2.4,.2, Materials prepared using reagents supplied in the kit

3.2.8.2.1. Drabkin's solution. This was obtained by re-

constituting Drabkin's reagents with 1000 ml water. To

this, 0,5 ml of 30% Brij=~35 solution was added and mixed

well. The solution was filtered and stored in the dark at

room temperature. :j
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3.2.4%.2.2. Cyvanmethaemoglobin solution. This solution was

obtained by reconstituting the haemoglobin standard with
50 ml Drabkin's solution. The scolution was mixed well and

left to stand for 30 min at room temperature before use.

3.2.5. Reagents for estimating protein synbthesis

Minimum essential complete medium. Miunimum essential medium

without lencine (Flow) was supplemented with penicillin,
streptomycin, L-glutamine and 2-Me as described for the
RPMI~1640 culture medium (see 2,2.2.7). To this were added
10 pCi/ml of tritiated leucine (specific activity 160 Ci/mMolj;
Amersham) and 40 pM (final concentration) cold leucine {BDH).
Apotransferrin or 20%-iron~-saturated transferrin (50 pg/ml)

or foetal calf serum (2%) (Gibco) were added as appropriate.

3.2.6. Reagents for cstimating numbers of T-cells and T-cell

subsets.

3.2.6.1. Formol calcium sclution. This solution (pH 6.7)

contained 10% formaldehyde and 1% Ca012 in DW.

3.2.6.2., Phosphate buffer (0.06M). This was prepared by

mixing 1.5 ml of Na,HPO) .2MH,0 (11.88 g/1) with 98.5 ml

KH,PO,, (92.08 g/1).

3.2.6.3., Hexazotised pararosaniline. This solution was

formed by wmixing equal volumes of solution A and solution B

as below:

Solution A -~ L% NaN02 in DW, freshly prepared.

Solution B -~ lg pararosaniline (Sigma) was dissolved in 20 mi
warm DW and 5 ml of concentrated HCL were added.
This sclution was allowed to coocl and was

filtered before use.




3.2.6.4, c-mnaphthyl acctate esterasc (ANAE) reagent. This

consisted of 40 ml of 0.06M phosphate buffer (pH 5.0),

2.4 ml of hexazotised pararosaniline solution and 10 mg of
c~naphthiyl acetate (Sigma) which was dissolved in 0.4 ml
acetone prior to addition to the buffer-pararvosaniline
mixiure. The pH of the complete reagent was adjusted to

5.8 with 2M NaOH. The solutioun was filtered belore use.




3.3 METHODS

3¢3.1. Induction of iron deficiency

Twenty mice were assigned to four groups and housed
individually in grid-botitomed cages. The mice were fed
for six weeks on either laboratory diet (ND) (Rat and Mouse
No.,1l Maintenance Expanded Diet; Special Diet Services,
Witham, Essex, England), iron-~supplemented semisynthetic
diet (SD), low~iron semisynthetic diet (DD) or pairfed with
the diron-supplemented semisynthetic diet (PF). All animals
were given diet ad libitum except the PI group which received
an amount egual to the average amount consumed by the DD
group the previous day. This group was included in order
to allow for the possible effects of protein-calorie
malwutrition. Tap water was given to ND, 5SD and PF groups
while the DD group received d-DW. Glass feeding dishes
used for the DD group were acid~washed before use. The mice

were welghed weekly and the diet was replaced daily.

303. 2« XTron I‘epletion

For iron repletion studies, the mice were assigned to
three groups {1 to 3), and fed either oun iron-supplemented
diet (group 1) or low-ivon diet (groups 2 and 3) for six
weeks, after which group 3 was-put on iron-supplemented diet.
The mice were fed on corresponding diets for a further four
weeks. Mice receiving low-iron diet at any time were given
d-DW, while tap water was used for mice fed on iron—

supplemented diet.




3¢3.3, Sacrifice of mice

At the end of the feeding period, a blood sample was

drawn by heart puncture and the mice were then immediately

killed by cervical dislocation. Lymph nodes (see 2.3.2)
and livers were removed. The blood samples were used,
after clotting, for determination of serum iron and total
iron binding capaclity (TIBC), while unclotted samples were

used For estimating haemoglobin levels. The livers were

used fFor determining storage iron and the lymph nodes to

prepare the lymphocylte suspensions (see 2.3.2). One mouse

per group was killed pex day over a period of the required

number of consecutive days.

3.3.4. Culture conditions and mitogen stimlation

Cell suspensions were prepared as described in Section \ﬁ
2+43¢2, The cells were cultured in either sexrum-containing
culture medium or serum-free medium Containiﬁg HSA and
buman transferrin (see 2.2.2.7) either as apotransferrin
or 20%-iron-saturated tramsferrin (see 2.2.2:6). However,
Laking into account the iron comtent of the serum-~free
medium which was 12.5 ng/ml (see 2.3.1.1), the finel

saturations of transferrin with iron were 10% and 30%

respectively. The cells were cultured as described in

Section 2.3.2 with ConA at a comncentration of either k4 or
1 pg/mi for medium containing FCS or transferrin, respectively, ;g
and for a period of 51-52 h before pulsing with labelled 4
thymidine for 4 h. Assaying of proliferative respounses was

carried out as described elsewhere (see 2.3.2).




3¢3.5. Determination of serum iron

Serum was prepared by centrifugation (twice) of the
clotted blood samples in a MSE Cenbaur 2 centrifuge at
3000 vapems for 10 mine. The serum iron was estimated by
a method based on that of Brittenham (1979). The method
which was used because it is designed for small wvolumes of
serum, is a colorimetric one and involves precipitation of
serum proteins, dissociation of iron from transferrin aud
formation of a complex of reduced irvon with a chrémogen.
Mouse serum (100 pl) and protein precipitant (see 3.2.3.2)
(300 pl) were pipetted into 1.5 ml Eppendorf microtubes
(Anderman & Co.). The tubes were capped, thoroughly vortexed
and, after standing for 5 min, centrifuged for 10 min in a
microhaematocrit centrifuge (Hawksley, England). Supernatants
of 320 pl were removed into clean microtubes and 80 w1l of
ferrozine chromogen solution (see 3.2.3.3) were added. The
tubes were veortexed and affer standing for 5 min the
absorbance at 562 nm was determined using microcuvettes

in an ultrospec 4050 spectrophotometer (LKB, Cambridge,

England}. The microcuvetltes were rinsed in diluted protein

precipitant before use. Iron standard solutions {70 - 280 BEZLOOé

ml) were prepared using fp(NTA) solution and d-DW, and also

d~-DW was used instead of serum for the reagent blank. The

straight line was Titted to the absorbance versus iron

levels plot by the method of least squares and the serum

ol Bt

values were calculated from the regression line. All assays

were performed in duplicate.




3.3.,6. Determination of total iron binding capacity

To a serum sample (300 pl) in an diron-free polypropviene
test tube (see 2.3.1.2) 300 pl of 100 pM Fe{NTA) solution
was added. The mixiture was thorvoughly vortltexed and after
standing at reoom ftemperature for 15 min, the excess unbound

iron was removed using hydrated MgCO, (0.045 g3 BDH) which

3
was added with a previously calibrated scoop. The test

tubes were stoppered and mixed on a rotating shaker (Hoechst)
for 45 min. The samples were then centrifuged f&r 15 min

at 2500 r.p.m. and therealfter the supernatants were treated
as in serum iron assays (Sectiom 3.3.5). Reagent blanik

and iron standard solutions were prepared as in the serum
assays. Since insufficient serum could be obtained from
individual mice for both serum and total iron binding
capacity, TIBC values were obtained using pcoled sera of

mice of the same group.

3.3.7. Estimation of haemoglobin levels

Total haemoglobin levels were esltimated colorimetrically

by the cyanmethaemoglobin method using a kitl(Section 3.2.4).
The method involves oxidation of haemoglobin to methaemoglobin
at alkaline pH and in the presence of potassium ferricyanide,
Methaemoglobin when reacting with potassium cyanide forms
cyammethaemoglobin which gives maximum absorption at 540 nm.
Cyvanmethaemoglobin standards were prepared by diluting the
cyanmethaemoglobin solution (Section 3,2.4.2.2.) with
Drabkints solution (Section 3.2.4.2.1) to get preparations

containing 6, 12 and 18 g haemoglobiln per 100 ml of whole
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blood. The absorbance of the standard solutions were

read at 540 nm against Drabkin's scolution as a reagent
blank in the Tltrospec 4050 spectrophotometer and a
calibration curve constructed. TFor the test samples, 20 pl
of whole blood were mixed well with Drabkin's solution (5 ml)
and, after standing at room temperature for 15 min, they
were read against Drabkint's solution. Total haemoglobin
concentrations of the test blood samples were determined
directly from the calibration curve. Samples wefe assayed
in duplicate. Due to the small volume of blood available,
it was not possible to assay Tor both haemoglobin aund serum

iron/TIBC on samples from the same animal.

3¢3.8, Determination of liver iron

To extract non-haem liver iron, liver samples (0.2 g)

were cut into small pieces and heated for 20 h at 6500 in
1 ml of acid digest solution {Section 3.2.3.1). After
cooling tco room temperature, 50 pl of the extract was
transferred te an Eppendorf microtube and 4-DW (50 pl)

and diluted protein precipitamt solution (300 pl) were
added. Thereafter, the serum iron procedure was followed.
All samples were prepared in duplicate using two differeut
samples of liver for each mousec. The standard solutions

were prepared as described elsewhere (see 3.3.5).

3.3.9. Determination of protein syntheais by transformed

Lymphocytes

Mouse lymph node cells were cultured for 55-56 h with

Cond in serum—-free media containing apotransferrin or 20%-
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iron-saturated transferrin (see 2.3.2). The transformed
cells were washed twice (1200 rep.m., 45-50 sec) with

Warm (BTOC) Hanks balanced salts solution (Gibeo) containing
either ¥CS (2%), oxr 10%- or 30%-iron~saturated transferrin
(50 ug/ml), as appropriate. After washing, Tthe cells were
resuspended at a concentration of 5 x 106 viable cells/ml.

in 3H~leucine-containing minimum essential complete medium
(Section 3.2.5). Aliquots (100 pl) of the transformed

cell suspensions were cultured in microtitre platés for 1 h,
after which 100 pl of ice~cold PBS containing 1 mM L-leucine
was added to each well and the plates were chilled at 0°¢

for 15 min. The cells were then harvested by suction through
2.5 cm dismeter glass microfibre filters (Whatman). Each

well was rinsed with PBS and the cells were washed twice with
PBS. The DNA was extracted from the cells with 5% trie-
chloroacetic acid, The filter mats were finally
washed with methylated spirit and, after drying at 5000

for 1 h, the tritium activity was measured in the liquid
scintillation counter. The number of replicates depended

on the initial demnsity of the tramnsformed cells and varied

betweerr 2 aud 12,

33,10 c~naphthiyl acetate eslerase staining

About 6 x 105 lymph mnode cells were deposited on to
clean glass slides in a Shandon cytocentrifuge at 1000 r.p.m.
for 90 sec. The preparations were alr-dried and fixed in
formol calcium (pH 6.7) at 4°C for 10 min. The slides were
then washed in running water for 20 min and finally stained

with ANAE-reagent (see 3.2.6.4) for 90 min at B?DC. After




staining, the slides were washed in gently rununing water
for 10 min aud, alfler being dried, counterstained with 2%

methyl green for 30 sec. The slides were then rinsed in

tap water, dried, mounted with DPX and Cinally examined
using a Leitz~Welzlar microscope (x 400). Using this

stain, T-lvmphocytes are characterised by small brown spots

in their eytoplasm, monocytes and macrophages show a

diffuse brown staining throughout the whole cell, and Bb-

lymphoecytes {and null cells) do not stain (Fig. 6). At
least three fields chosen at random were examined and the

percentage of T-lymphocytes was calculated.

3+3.11:, Immunofluorescent staining of T-cells

T=cells and T-cell subsets can be recognized with

monoclonal antibodies to cell markers. In mice, monoclonal

antibodies to Thyl 2 cell antigene distinguish T-=lymphocytes
’
from B~lvmphocytes and macrophages or mounocytes, while

o-ly., and o-Ly probably recognize Tw-helper and T-~suppressor
1 22

cells, respeotively. Fluorescein~labelled monoclonal
antibodies to Thyl’z, Lyl and Ly2 T=cell antigens were ?3
obtained from Becton-Dickinson (Sunnyvale, Ca., U.S.4.)

and used diluted im PBS at 1:20, 1:20 and 1l:4 vespeclivelyv.
Cytocentrifuge preparalions of cells were obtained as

described in Section 3.3.10. The slides were fixed in

freshly made formalin (2.5% in DW) Tor 10 min and washed
in PBS for the same time before staining with 15 pl of

the appropriate dilution of the monoclonal antibody for

30~40 min in a moist box in the dark at 4°c.,  After staining F




= 10 .=

Figure 6: A population of cells from mesenteric and peripheral
lymph nodes of mice stained with & -naphthyl acetate
esterase stain.

Cells indicated by one arrow are T-lymphocytes, double
arrows point to an ANAE-stain negative cell (B-lymphocyte

or null cell) and triple arrows to a monocyte or macrophage.
(x 900).




the slides were washed three times (10 miu each time) in
cold PBS containing 0.02% azide and then mounted in PHES~
glycerol (4 paris PBS:1l part glycerol). More than 300
cells from different fields chosen at random were counted
under phase contrast and U.V. using a Leitz Ortholux
microscope. The percentage of positively-stained cells
was calculated for each antibody and {inally the number

of cells positive for lyv, and ly2 surface antigens was

1

caleculated as a percentage of cells pesitive fox thyl 2
b

antigen.




3.4 RESULTS

3.4.1. Mouse weights

The welght gain at the end of the feeding period of
all mice fed ou differenl diets (apart from mice used for
the iron repletion studies) was smalysed using two-way
analysis of wvariance (two-way ANOVA).

The mean weightl gain of mice fed on laboratory diet

was significantly lower than the mean weight gain of mice

fed on the semisynthetic diet (Fig. 7, Table 5). This was
probably the result of the different carbohydrate content

of the laboratory diet in comparison with that of the
semisynthetic diet (see 3.5}, However, there was no
significant difference in mean weight gain among the wmice

fed on any semisynthetic diet (Fig. 7, Table 6) indicating
that the low~irom diet did not cause welght loss. There

was also an experiment-to~experiment variation of statistical
significance in weight gain in mice fed on dilflTerent diets
(Tables 5 and 6}, which was not the result of the effect

of the diet on the mice (Table 6). “The small but significant
effect seen in the interaction of diet and experiment (Table
5) was probably due to the difference observed between

laboratory and semisvnthetic diet (Fig. 7, Table 5).

The woight gain of mice which were used for iron
repletion studies were analysed using Scheffé's method of
multiple comparisons (see Appendix). Two analyses were

performed of':
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Figure 7: Welght gein ohserved in mice fed on different dieis.
(Results of eight experiments pooled).
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Table 5: Tuo-~way analysis of variance of weight-gain of
all mice fed on laboratory diet, iron-containing
samisynthetic dist, low-iron diet end pairfed.

Due to F patio Significance
Day-to=-day variation 11.341 p <0.00L
Dist | 3.376 p <0.05

Interaction of diet
and expesriment 1.734 p <B.05
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Table 63 Two~way analysis of variance of weight~gain of
mice Ted on iron=contalning dist, low-iron diet
and pairfed.

Due to F ratio Significence

Day—to—day
variation g.569 p < 0,001

Diet 0.834 ns
Interaction of

diet and
experiment 1.4890 ns
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L. the weight gain during the first 6 weeks feeding period and

2. the weight gain during the period between 6th and 10th week.
Both analyses showed that there was no significant difference

in weight gain between mice fed oum different diets (Table 7).

3.4.2, Effect of irom deficiency on the transformation of

mouse lymph node Lymphocvtes cultured in scrum—-free

medium and in medium containing foetal calf serum

3.4.2.1+ Transformation of lymphoovtes in serum—Tree medium

3.4.2,1.1. TIron status

The serum and liver iron levels of the DD group were
significantly lower compared with the other thiree groups %
of mice. TIBC wvalues of the DD group were higher than in
the other groups so that the percentlage saturation of serum

transferrin with iron in the DD group was veryv much reduced

(Tables 8 and 9). These results indicated that iron deficieuncy

was established in the DD group at the end of the six-vweek

feeding period.

Beie 2212, Mitogenic response of Ilymphocytes

The degree of transfermation of lymphocytes in culture
medium containing l0%=-iron-saturated transferrin was
significantly lower in all groups compared with the responses

of the cells cultured in medium containing 30%-iron-saturated

transferrin (Table 10). These results indicated that the
iren content of the culturec medium was an important Tactor
controlling the degree of mitogenic response. However,

although there was a lower mitogenic response of lymphocyvtes

of the DD group in medium containing 10%~diron~saturated
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Table 73 Analysis by Scheffé!s method of multiple comparisons
of the weight gain of mice used for iron-repletion

studies.
Simultansous 95% Significant difference
confldence limits
Groups
comparad® | UWeek 1l ~56 6 - 10 l1~-6 6 - 10
1 & 2 1.50,-2,581 1.590,-1.20 ns ns
2&3 2.75,~1.30 2.41,-0,62 ns nes

¥ 1: mice fed on irsn-—containing semisynthetic diet for 1¢ weeks;
2¢: mice fed on low-iron diet for 6 weeks and then on iron-containing
diet for 4 weekss

3: mice Ted on low—iron diet for 1O weeks.
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transferrin compared with other groups of mice (Table 10),
the difference was mot significant (Table 11) and the
effect was not reproducible in the subsequent experiments.
The iron content of the medium, therefore, did net affect
the cells of the DD group very differently from those of
the other groups (Tables 10 and 11). This indicated that
the lymphocytes from the iron-deficient mice responded
normally to ComA and had not lost their ability to transform
due to intrinsic defects caused by iromn deficiency.
Statistical analysis also showed that there was a day~to-day
variation probably as a result of minor changes in the time‘
of the day during which the experiments were performed om
variations in the mice, and cell populations during each
experiment (Table 11}). The day-to~day variation might

have caused the large standard deviations seen in Table 10,
80 it was possible that some small intrinsic difference in
lymphocyte functiom in the DD group might not have been
apparent. Since preliminary studies (not reported here)
have shown that media containing FCS generally gave less
variation in the mitogenic response than serum«free medium
the experiment was repeated using medium coutaining FCS

as well as serumn~free medium containing transferrin.

3elte2,.2. Transformation of lvmphocytes in serum—-Trce medium

or in medinm containing foectal calf serum

30“-4242-10 Tron Status

The serum and liver iron levels and the TIBC of mice
(Table 12) were similar to the previous groups of mice

(Table 8).
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Table 1ll: Three—way analysis of variance of the mitogenic response

of lymphocytss from mice on different dists cultursd in
serum~free mediuvm (data from Table 10).

Due to

Day-to-day
variation

Dist
Medium
Interaction

of medium
and diet

F »atio Significant difference
I Iz I II
8.87 0.73 p < 0.001 ns
1.12 0.61 ns ne
29,26 21.31 p < 0,001 P <0.0%
D.58 0.G8 ns ns
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Jubho2.2.2. Mitogenic responses of lymphocyies

As before, the degree of mitogenic response of lympho-~

cytes in serum-free medium containing l0%—iroun-saturated @

transferrin was very much lower in all groups compared

with the proliferation of cells cultured in medium containing

30%-iron-saturated transferrin or 10% FCS (Table 1L4).
Furthermore, wno significant diffcrence in transformation '%
was observed between c¢ells cultured in media containing
30%~iron~saturated transferrin or FCS (Tables 14 and 15).
The diron content of FCS was 1.89 pg/ml and the saturation
of serum transferrin with iron was A4l%. Although the
experiment using FCS in the culture medium was performed
to account for the large variation in the proliferative
.activity of lymphocytes cultured in serum-free medium, the

variation still persisted when cells were culbtured in either

medium. This result indicaled that variation in mice or

cell population was probably the cause of the large

difference in lymphocyte proliferating activity rather than

the serum—-free conditions. Furthermore, three-way ANOVA

(Table 15) showed that there was a slight but statistically

significant effect of diet (F < 0,05), However, this

effect could have becu a false positive since there was uo
significant effect when the interaction of medium and diet
was considered, and furthermore, the effect of diet did not
persist when the results of "30% FeTf" versus "10% FC5 M

werce analysed (Table 15).

FelteJ. Bffect of mouse serum on the transformation of

mouse lymphocytes




Tabls 12: Iron status of mice on different dists usaed for

lymphocyte-transfurmation experiments performed iIn
serum~free medium or in medium containing foetal
calf serum.

Diet Normal Semisynthetic Sem%ﬁynthetic Pairfed
(ND) + fe (sD) ~fe (DD) (PF)

Liver iron’ ]2.44 = 0.27 | 2.26 £ 0.13 0.68 ¥ 0,07 | 2.52 ¥ p.3s
( »#9/9) (s5) (5) (5) (5)
serum izon’ | 230 % 23 246 £ 20 B4 L g 280 I 21
(pa/100 mi) (5) (8) (5) (5)
Ti8ct 285 L 5 280 £ 2 375 L 5 700 & 10
{rg/lUD mi)
% saturation

of trans—-

ferrin with
iraen 81 BB 22 93

Figures in parentheses are number of animals.

saeg Tahle 13.
tean T sem.

For statistical analysis
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3.4.3.1, Preliminary experiments

It has been reported (W. Haston, personal communications)
that the mitogenic responses of mouse lymphocytes cultured
inn autologous serum for approximately three days is very
low. In these experiments, different concentrations of ConA
and times for culturing the cells were, therefore, used in
order to determine whether different conditions from those
used in previous experiments were mecessary for optimum
transformation. Pooled cells of the 1h- to l5-week old
mice of the same litter and pooled mouse sera which had
been heat-inactivated (5600 for 10 min) were used in each
experiment. Since medium containing either 2.5% or 5%
mouse serum allowed the same degree of transformation
(Table 16}, medium containing 2.5% mouse serum was used in
subsequent experiments. Also, there was mno significant
difference in the mitogenic response when cells were cultured
for 44 or 54 L (Tables 17 and 18) and, therefore, the cells
were cultured for 44 h in the subsequent experiments.
Similarly, medium containing 1 pg/ml Cond did mnot induce
as good proliferative response as 2 or I ug/ml ConA was used
{Tables 17 and 18). 3Since there was no significant difference
in the mitogenic when 2 or 4 pg/ml of ConA were uscd (Table
18), Comh was used at concentratious of 2 pg/ml, in the

subsequent experiments.

3.4,.3.2, Effect of iron-sufficient, iron-deficient and iromn-

supplemented lron-~deficient mousc sera on the

transformation of mouse lymphocytes




Table 163 The effect of
lymphozytes.

- 122 ~

mouse serum on the transformaticn of mouse

14E-thymidina incorporation (C.p.m.)

Culture medium
containing

+Conp¥ ~ConA¥*

2.5% mause
serum™

5% mouse  secum’

¥

2963 £ 300 66

1+

2865 + 221 sz £ g

Cells cultured for 56 h.

4

+ MESH - S,Do

*4+Cond , 4-yg/ml; n = l4; ~ConA, n = B.

¥

p > 0.1.
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Table 18: Analysis by Scheffé‘s methad of multiple comparisons
of results of the effect of different concentrations
of concanavalin A and culturing time on the
transformation of mouse lymphocytes (data from Tahle 17).

Graups Simultanaous Significant
compared¥® 95% confidence differsnce
limitse
1l and 2 —-232.4,-8689.6 S
1and 3 ~193.4,-850.6 5
2 and 3 367.6,-289.6 ) ns
4 ang 5 -162,4,=1729.6 S
4 and 6 —-629.4,~2196.6 5
5 and 6 316,.6,-1250.6 ns
7 and B -2.0,=-1150.0
7 and 9 ~174.0, ~1522.D S
8 and B 402.0,~746.0 ne
1l and 4 -126.0,~1426.0 S
1 and 7 -174.0,~1474.0 G
4 and 7 502.0,~698.0 ns
2 and B -740.2,~1581,.8
2 and 8 -418,2,-1258.8 5
S and 8 742.8,-98.8 ns
3 and 6 ~1311.0,~2023.0 5
3 and 9 -1294.0,-2006.0 8
& and © 373.0,<339.0 ns

*1,4,7: L wug/ml ConA; 2,5,8: 2 pg/ml ConAs 3,6,%: 4 pg/ml ConA.
1,2,3%: cellg cultured for 30 h; 4,5,6: cells cultured for 44 hj
7,8,9¢ cells eultursd for 54 h.




Since the previous experiments showed no significant
dilfference between any control groups with respect to
either iron status (see 3.4.2.1.1. and 3.4.2.2.1) or
lymphocyvte translformation (3.&.2-1.2. and 3.4.2.2¢2) the
ND and PF groups were omitted in this experiment. Mice
were therefore fed on either iron-contalning semisyunthetic
diet (SD; 10 mice) or low-irou diel (DD; 10 mice) as

described in Section 3.3.1.

3.4.3.2,1, Iron status

Since mouse serum was used in the culture medium and
as inadequate amounts of serum could be obtained from each
mouse to perform all assays individually, serum iron and
TIBC were estimated using pooled sera of all the mice of
the same group. Again, the serum iromn levels of the DD
group were much lower and the TIBC much higher than the 8D
group (Table 19). Liver iroun was estimated in all mice
individually, and was significantly lower in the DD group
than the SD group [Table 19). Again the results indicated

that mice fed on low~iron diet were iron deficient.

3.4,3.2.2. Mitogenic response of ivmphoevies

Two mice of each group were killed per day over a
period of five consecutive days. Sera and lymph-node cells
of mice of the same groups killed each day were pooled.
Different combinations of %"cells" -~ "Serum" were used;
cells from mice fed on iron-~containing semisynthetic diet

(8D) were cultured in media containing:




Table 19: Iron status of mice on different diets used feor lymphocyte-
transformation experiments performed in medium containing
mouse SeruUnl.

Dist Semisynthetic Semisynthetic B
+ Fe (SD) - Fe (DD) \
Liver#* . . .5
{po/a) B.24 = 0,32 0.66 = 0.12
Serum’ + . &
(po/100 mi) 289 =~ 7 108 < 3
TIBCT . N
()AQ/IUG mi) 430 < 10 520 ~ 2 ff
% Saturation é
af trang- :
ferrin with &
iron Bg 21 “

*p < 0.00%1; Msan of readings from 10 mice; 2 readings/mouse % sEm.

Mean of tuwo readings of pooled sera from 10 mice X sgm.
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1. dron-sufficient mouse serum (SS)

2. iron-deficient mouse serum (NS)

3, iron-deficient mouse serum supplemented with 1.8 pg/ml
iron (DS + Fe).

Similarly, cells from mice fed on low-irou diet (DD)
were cultured in media contalning SS or D3 or DS + Fe.
Addition of ironm to DS serum was based on the difference
between the average level of iron in the irom-deficient
mouse sera atd in the sera from the control groupé of wmice
calculated from Tables 8 and 12. This was found to be
172 1g/100 ml serum which was rounded off to 180 pg/l00 ml

and it was added as Fe(NTA) solution. Cells from irou-

sufficient and iron-=deficient mice were also cultured with

Cond {1 pg/ml) in serum-free media containing either 10%--
or 30%-lron-saturated transferrin.

Transformation of lymphoeytes from iron-sufficient
or iron-deficient mice was lower in media containing serum
from iron-deficient mice than when serum from iron-sufficient
mice was used (Tables 20 and 21). Additiom of ivom to the

deficient serum significantly improved its ability to

promote transformation. These results again show that the
lyvmphocvtes from iron-deficient mice have a normal capacity fJ
to transform in response to mitogens, and in addition

demonstrated that serum from iron-deficient mice has in-

adequate iron levels to permit optimum in vitro transformation.

However, although deficient scrum with added iron was as geood
as diron-sufficient serum in supporting transformation of 4

lymphocytes from iron-deficient mice, it was sitill somewhat




- 128 -

Table 20; EfTect of iron~sufficient, iron~deficient mouse sera
and dron~deficient mouse serum supplemented with iron
on the transformation of lymphocytes from mice on
different diets.

lac-thymidins incorporation (c.pem.)
Diet Samisynthetic Semisynthetic
+ Fe (SD) - Fo (DD)
Medium supplemented
witht
+Corid®* 5569 & 377 5068 % 777
Iron-sufficient '
mouse sarum (88) oo ox 44 % o3 62 £ =2
+ConA 3655 L 601 3752 801
Iron~deficient
mouse ssxum (DS) g oqn 51 % 22 55 % 30
+ConA 4615 L 5272 4969 L 846
Ironwdeficient
mouse sarum
supplemented
with 1.8 pg/ml N N
Fe (DS + Fe) ~ConA 44 = 18 © 45 ~ 10

For statistical analysis, see Table 21.
* Mean £ an.

% n = 10 mice, 7 observations/mouse far +ConAj 4 observations/wouss far —Conf.
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inferior when used with cells from iron-sufficient mice
(Table 20). This indicates that serum [rom iron-deficient
mice may lack other growth factors unrelated to iron content.
The mitogenic response of the cells from these mice
was also tested using serum—-free conditions, and as belore,
proliferation was significantly lower in medium containing
10%~iron~saturated transferrin when compared with the
responses in media supplemented with 30%—iron-~-saturated
transferrin (Table 22), Again, no sighificant difference
was observed between responses of cells from iron-sufficient

and iron-deficient mice (Tables 22 and 23).

3.4.4. Protein synthesis by transformed lymph-node

Lyvmphocytes From mice fed on different diets

In the previous experiments it was found that the iron-
content of the culture medium is important in controlling
the mitogenic responses of mouse lymphocytes. The aim of
these experiments was to find whether the iron level in
the culture medium also affects protein synthesis by
1ymphocyfes in vitro.

Twenty mice were fed on diets as described in 3.3.1,
and Llymph~ncde lymphocytes were cultured in serum~free
mediwn containing 10%—or-30% iron-saturated transferrin
(see 2.3.2). Protein synthesis by transformed cells was
determined as described elsewhere (see 3.3.9). Two
experiments were performed using two different sets of
four groups of mice, omne group for each dict (ND, SD, DD, PF).

In the first experiment the transfoirmed lymphocytes were
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Table 22: Transformation of lymphocytes fram mice on different
diets cultured with concanavalin A in serum~free medium,

ldc—thymidine incorporation (c.p.m.)

Diet Semisynthetic Semisynthetic
+ Fe {SD) ~Fa (DD)
Medium supplemented
witht
+Lona* 1818 £ 425 1793 £ 410
10% FeTf -
—CoRA% 161 * 53 110 £ 15
ng T +
SD% FeTf +Con8 3539 - 212 3279 N 640
~=Canf 187 ~ 97 150 =~ 23

Fopr statisticel analysis ses Table 23.
* Mean g S0.

* n = 10 mice, 3 obssrvations/mouse for +ConAj 2 observations/mouse for ~Conh.




Tahle 233 Analysis by Scheffé’s mathod of multiple comparisons
of the results of transformation of lymphocytes from
mice on different diets cultured with concanavalin A
in serum-free medium {data from Table 22).

3
Groups E Simultaneous 9%5% Significant
comparead#® confidence limits difference
1l and 2 328.7,=-278.7 ns
1l and 3 ~1417.3,-2024,7 5
3 and 4 563.7 ,=43.7 ns
2 end 4 ~1182.3,-1789.7 5

*1,3: cells from mice fed on SD diet and cultured in medium
containing 10% FeTf or 30% FeTf, respectivaly.

2,41 cells from mice fed on DD diet and cultured with 10%
FeTf or 30% FeTf, respectively.
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washed and protein synthesis determined in media containing
FCS5. However, in the second experiment protein synthesis
was assessed in medium containing 10%-or 30%-iron-saturated

transferrin as appropriate.

3.4.4.1,. Experiment T: transformed cells cultured in media

containing foetal calf serum

3.4 0.1.1. Iron status

Haemoglobin levels were estimated on this ocﬁasion to
determine whether the iron-deficient group of mice develop
anaemia in addition to iron deficiency under the feeding
conditions employed throughout this work. Since inadeguate
amounts of blood could be obtained from eaclhh mouse by
heart puncture to permit other assays to.be carried out as
well, serum iron and TIBC were mnot estimated in this group.
The haemoglobin levels of the iron~deficient group were
lower but not statistically differemt from tThe other groups

(Tables 24{a) and 25). These results indicate that the

mice of the DD group were not anaemic. The liver iromn levels

of the DD group were significantly lower than iroen levels
of the other groups (Tables 24(a) and 23). Furthermore,
the liver iron values were similar to those in previous
experiments (Tables 8, 12, 19), and it was assumed that
serum iron levels would also have been similar. Since the
mice were met anaemiec, but the low liver iron levels show

that a state of latent iron deficiency existed.
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3.h.4.1.2. Protein synthesis

Estimation of protein synthesis by lymphoeytes which
had been tramsformed in serum~free medium containing 10%-
or 30%-iron-saturated transferrimn revealed no significant
difference beiween any group of mice (Table 26(a)). It
appeared, therefore, that iron deficiency or iron-availability
in the medium did not affect protein synthesis by traﬁsformed
Ilymphocvtes. However, since the traunsformed lymphocytes
were washed and cultured in media containing ¥FCS, the iron
level in the FCS might have been large cnough to eliminate
any effect on protein synthesis of the low-iron content of
the medium to which apotransferrin was added. The experimeuntl
was, therefore, repeated but the translormed lymphocytes
were washed and cultured in medium to which apotransferrin

or 20%-iromn~saturated transferrin were added as appropriate.

J.4.4.2. ExperimentIT: transformed cells cultured in media

containing transferrin

For technical reasons, the mice in this experiment
were Fed on the different diets for seven wecks instead of

gix weeks as in previous experiments.

3.4.4.2.1. Iron status

The haemoglobin level of the iron-dellcient group was
sigonificantly lower compared with the levels in any other
group {(Table 24(b)), indicating that the mice of the iron-
deficient group had developed anaemia, It appears, therefore,
that an extra week of feeding oun low~iron diet may have beeu
long enough to convert the latent iromn deficiency state

inte anaemia.
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The liver iromn in the DD group was significantly lower

compared with the other groups (Tables 24{b) and 25)}.

3.4.4.2.2. Protein synthesis

Lymphocytes from any group of mice transformed in

serum-free medium countaining either 10%-or 30%-iron-saturated

transferrin synthesized similar levels of protein (Table 26(b)). d
These resulls confirmed the earlier observation that neither i;
iron deficiency nor iron availability in the culture medium .
affects protein synthesis by transformed lymphocytes
indicating that once NDNA has been synthesized translation
and protein synthesis proceed nermally irrespective ol iron

availability.

3.4.5. Effect of in viveo repletion of iron-deficient mice

on lymphocyte transformation in vitro

The aim of these experiments was 1o determine whether
repletion of mice fed on low~iron diet restores lymphocyte
responses to normal values and whether this is associated
with re~establishment of normal iromn status, particularly

serum iron levels.

3.4.5.1. Preliminary experiments

Since Kuvibidila et al. (1983a) had shown that iron

repletion could be established within two weeks, four mice

were fed on low-iron diet for six weeks after which the
mice were put on iron-supplemented diet for three weeks to
determine whether tiiis was loung enough to restore iron levels.

Another group of four mice were fed on iron-deficient diet

for the periocd of the nine weeks.
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At the end of the feeding pericd, haemoglobin levels
antd serum and liver iron were estimated. The iron status
of the iron-deficient group (serum iron: 75 In $g/100 mlg
liver irom: 0.80 ~ 0.0k ug/g; haemoglobin: 7.2 h 0.5 g /
100 ml; mean : SEM) was similar to values obtained for

the DD group in the previous experiments, and in the

iron-repleted mice, the serum iron (230 * 18 ug/100 ml)
and liver irom (2.2 A 0.3 pg/g) were similar to values
obtained for the ND, SD and PF groups in the previous
experiments. The haemoglobin levels of the iron-repleted

mice (11.4 % 1.4 g /100 ml) were very mear to figures

obtained in Section 3.4.5.2.1. Thesc results indicaﬁed

that, as found by Kuvibidila et al. {1983a), iron repletion
had been established in iron-deficient mice after feeding

on iron-supplemented diet for three weeks. Ilowever since
haemoglobin levels were slightly below normal values obtaiuned
in Sections 3.4.4,1.1. and 3.4.4,.2.1, the irén deficient

mice were fed on iron-supplemented dict feor four weeks,

in the subsequent experiments.

3.4.5.2. The effect of serum from iron~sufficient, iron-

repleted and iron~deficient mice on the transformation

of mouse lymplhiocytes in vitro

Nine mice were assigned to three groups (three mice

per group) and fed on different diets as described in

Section 3.3.2. After the feeding period the mice were

killed (see 3.3.3).
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FeldosRe2.1. Iromn status

The serum and liver iron levels of the repleted group
of mice were very much the same as that of the group fed

on iron~containing semisynthetic diet (Table 27}, while

there was a significant difference between the repleled

micve and the iron~deficient group (Tables 27 and 28). These
results confirmed the observations of the preliminary
experiment (see 3.4.3.1) that supplementation of iron in

the low~iron diet brings the liver and serum iron levels

of the iron~deficient mice back to normal wvalues.

3.4.5.2.2. Mitogenic responses of mousc lymphocytes Ffrom

iron-sufficient, iren-—~deficient and iron-vepleted

mice

Lymph-node lymphocytes were cultured for 43 h in mediun

containing 2.5% mouse serum and 1 pg/ml Cona (batch 2)}.

Cells from iron-repleted mice were cultured in serum from

a0

iron-~-sufficient, iron-deficient and iron-repleted mice and
also in iron~deficient serum supplemented with iron and g
serum from repleted mice was used to test cells from all
three groups. Additions ol ilrom to DS serum was carried
out as described in Section 3.4.3.2.2. Culitures coﬁtaining

cells from deficient mice in iromn~deficient serum, and

cells from mice fed on iron-supplemented diet in normal
serum were also set up. The tlransformation of lymphocytes
from iron-deficient or iron-repleted mice was lower in media

supplemented with serum from iron-deficient mice than when
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Table 27: Iron status of iron-~sufficient, iron-repletsd and iron—
deficlent mica.

Mice Iron~sufficient Iron-repleted Ivonwdeficient

i+
i+

Serum iron’ 229 10 (3) 0% (3)

(ko/100 ml)

29 (3) 220

-+

0.30 (3)  2.40 T 0.26 (3) 0.52 % 0.03 (3)

1+

Liver iron’ .31

(no/0)

Figures in parentheses are number of animals. For statistical analysis,
ses fable 28,

+P'"Iean i SEM.

Table 28: Analysis by Scheffé's method of multiple comparisans of
resulis of the iron status of mice used for iran-repletion
studies (data from Table 27).

LIVER IRON SERUM IRON
Groups Simultansous  Signifi- Simultaneous Sipnificant
compared* 95% confidence cant diff- 95% confidence difference
limits erence limits
l ang 2 0.14,~0.05 ns 72.80,~86.80 ns
1l ang 3 0.21,0.,08 8 248.80,88.25 5
2 and 3 0.25,0.05 5 255.83,96.21 S

*11 iron—sufficient mice; 2: iron-repleted mice; 3: iron~deficient.
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serum From iron~sufficient or iron-~repleted mice was

used (Table 29)., As before, addition of sufficient irom
to bring the iron level of the deficient serum to that of
iron=sufficient serum significantly improved its ability
to promote transformation. Cells from iron-repleted mice,
transformed as well as the cells from normal mice, and

serum from iron-repleted mice was as good as serum from

iron-sufficient mice and/cr iron-supplemented iron-deficient
serum in promoting transformation. The degree of transform- R

ation of lymphocytes was, however, generally reduced in

comparison with previous experiments (Table 20), this probably
being associated with changing the batch of ConA. The

results presented here indicated that repletion of iron

deficiency brings aboul a restoration of normal lymphocyte
responses to Comnd, this being the result of an increase in
serum iron levels, and confirm the earlier observations

that iron deficiency in mice does not cause intrinsic

defects in lymphocytes associated with ability to transform.

3.4,6, Mouse T-cell populations and subpopulations

In the previous experiments it was shown that iron
deficiency affects T-lymphocyte transformation in vitro,
this being associated with a decrease in the level of

circulating iron. However, it might be possible that iron

deficiency affects immune responses by altering the
relative populations of T-lymphocyte populations and sub=-

populations. In order to find whether this was true,

experiments were performed to study T-cell and T-cell sub-

sets in populations of cells Trom mouse Llymph nodes.
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3.4.6.1. Estimation of T-lvymphoovie populations using

ANAE stain

Twenty mice were assigned to four groups and fed on
different diets as described iu Section 3.3.1. Iron status
and the percentage of ANAB-positive T-cells of the four
groups of mice are shown in Tables 30 and 34, respectively.
The liver iron levels (Table 30) were similar to values
obtained from previous groups of mice (Tables 8, 12, 19)
and furthermore, the haemoglobin levels were similar to
values obtained in Section 3.4.4.1.1, thus confirming the
observalion that when mice are fed on low-iron diets foir
six weeks, the haemoglobin levels deo mnot fall much below
those of the comntrol groups. The percentage of T-cells
in the iron-deficient group was mnot statistically differcnt

from that of the other groups of mice (Tables 34 and 35).

3.4.6.2. Estimation of T-lymphocyte population and sube

populations using monoclonal antibody to T-cell

surface antigens

Using fluorescein-conjugated anthyl,g, anlyl and amly2
monoclonal antibodies the relative propertions of T-~cells
and T=cell subsets in the lymwph nodes of mice fed on ND,
5D, DD, and PF was studied. Figure 8 shows an example of
lymph-node cells pogitive for thyl’g antigen. Similar

results were obtained with a-1y, and awlyz antibodies. As

1
before, liver and serum iron levels in the jiron-~deficient

group were significantly lower than in control groups

(Tables 32 and 33). The proportion of cells positive for

Vet £m N R A
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Figure B: A population of cells from mesenteric and peripheral
lymph nodes of mice stained with monoclonal antibody
to thyl 2 antigen.

o

(a)

(b)

(a) Cells as seen under phase contrast (x1300)

(b) The same field as in (a) under U.V., showing thyl,2
positive cells (i.e. T-lymphocytes).
The arrows in (a) point to non-T-lymphocytes
which have not stained with the fluorescent
antibody.
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Table 32: Iron status of mice on diffsrent diets used for T-cell
and T-cell subeet studies with monaclanal antibody to
T-cell antigens.

Dist Normal Semisynthetic Semisynthetic
(ND) + Fe (8D) - Fa (DD)

Serum iron” 197 L a2 219 £ 18 55 & 7

(ng/100 ml) (3) {4) (4)

Liver iron”  1.80 ¥ 0.80 2.02 ¥ 0,07 0.51 £ p.o3

(pg/a) (3) (4) (4}

Figures in parentheses are number of animals. for statistical analysis,
see Table 33.

TMean T sEm.

Tabhle 33: Analysis by Scheffats method of multiple comparisons of the
iron status of mice on different diste used for T-cell
studies with monoclonal antibody to T~cell antigens.

(Data from Table 32).

*

SERUM IRON LIVER  IRON
Groupe Simultansous Significant Simultaneous Significant
compared® | 95% confidence difference 95% confidence . difference
Limits limits
l and 2 60.14,~104.14 ns 0.0%8,-0,08 ns
1 and 3 59.86,224.14 5 0,16, 0.13 g
2 and 3 [238.17,85.83 S 0.19, B.15 8

¥1,2,3: mice fed on NO, SD and DD, respectively.
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thyl o lyl and 1Y2 did not differ significantly between

any groups of mice (Tables 34 and 35). This suggested

that iron deficiency did net affect the milogenic responses

of T-1lymphocytes by altering the relative proporitions of

different T-cell subpopulations.
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3.5 DISCUSSION

Iromn is an important requirement for metabolically
active cells especially those undergaoing differentiation
and cell division, it being needed in particular for the
synthesis of 1lron-~containing proteins and enzymes involved
in DNA synthesis. Lymphocyte translformation, a process
of elevated metabolic activity leading to cell division,
may also be associated with an increased reguirement for
iron.

Decreased lymphocyte proliferative responses in vitro
in association with iron deficiency have been reported by
many investigators using cultbture media supplemented with
either autologous serum (Joymson et al., 1972; Fletcher et al.,

1975) or foetal calf serum (Macdougall et al., 1975; Sawitsky

et al., 1976; Sovano et al., 1982; Kuvibidila et al., 1983a,b). jﬁ
However, other authors have reported no effect of iron .
deficiency on the mitogenic response of lymphocyles using
either autologous plasma (Kulapongs et al., 1974) or mnormal
human serum (Gross et al., 19753 Gupta et al., 19823 Krantman
et al., 1982) in the culture medium. 7This controversy
is probably due, at least in part, to lack of an experimental
system which allows accurate control of iron supply during
the in vitro culture of 1ymphooytes.

The work reported in this chapter has atiempted tTo

define more closely the effect of iron defliciency omn

lyvmphocyte transformation in vitro using an experimental
system in which the iron content of the culture medium was

accurately monitored, taking advantage of the fact that
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mouse lymphocytes can respond to Cond in serum-free medium

(Brock, 1981). Furthermore, 1he use of an animal model
has allowed variables which could complicate the interpretation
of the results such as infections and other concomitant

nutritional deficiencies to be eliminated.

In the present study, the mean weight-galn of mice fed
on different semisynthetic diets was independent of the iron

content of the diet or the amount consumed per day even

when there was a day~to~day variation. However, fhe average
weight«gain of the mice fed on iron-contalning semisyunthetic
diet was significantly higher compared with thet when normal
laboratory diet was used (Fig. 7, Table 3). This may have
been due to the fact thal the semisynthetic diet had a higher

carbohydrate content (64.8%) than the laboratory diet {48.4%).

Furthermore, al though the mean weight-gain of mice fed on %?

low~iron diet was slightiy lower than that of the mice fed
on iron supplemented diet or pairfed this difference was
not statistically significant (Fig. 7, Table 6). These

results differ from the observations of Kuvibidila et al.

(1983a) who at the end of their 32-day feeding period found
a statistically significant reduction in the mean body
weilght of the iron-deficient mice and pairfed group in
comparison with Uthe control group. However, this difference
was observed in 25% of their animals only, as 75% of the
mice of each group had already been killed by this time,

and they did not find a significant difference in the mean
welght=gain of any mice during the first 25 days of feeding.
They also used mice that were of @ dilferent strain and

considerably colder than those used in this study.
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A 6-wcek feecding period on low—iron diet was sufficicnt
to induce iron deficiency in mice as indicated by the low
serum and liver iron levels (< 95 ng/l00 ml and < 0.75 pe/g,
respectively) compared with values obtained from the control
group (> 180 pug/l100 ml and > 1.8 pg/g, rcspectively).

These results are comparable with values oblained by othex
investigalors (Puschmann & Ganzoni, 19773 Kuvibidila et al.,
1983a,b). At the end of the 6~week feesding period, the
haemoglobin levels of the iron-deficient group wére lower,
but not to a statistically significant degree than those of
the comntrol mice., The low liver iron and near normal
haemoglebin level in the iron~deficient groups (Tables 24(a)
and 30) indicated that latent iron deficiemcy had been
established. However, after seven weeks of feeding on the
low~iron diet, a statistically significant reductiou in the
haemoglobin levels in the iron-deficient group was observed
{Table 24(b))}. These results indicate that alfter 7 weceks
on low-iron diet the mice become anaemic. However, although
anaemia was not obscrved after 6H-week feeding period on
low=iron diet there was little difference in the level of
liver iron between mice fed on low-iron diet for six weeks
and those fed for seven weeks (see Tables 24(a) and 24(b)),
so mice were nor&ally fed for six weeks before being used.

As in the preliminary experiments (Chapter 2), the
degree of transformation of lymphocytes from mice cultured
in medium containing 10%-iron~saturated traunsferrin was
gignificantly lower compared with the responses of the

cells cultured in medium containing 30%-iron-saturated
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transferrin ov FCS. This applied to all groups, irrespective
of diet and iron status. This result indicates lhatl one

of the important factors in controlling the proliferative
responses of lymphocytes in vitro is the content of
transferrin~bound iron in the culture medium. When transferrin
partially saturated with iron is added to the culture medium,
the amount of diron taken up by cells from transferrin and

hence the degree of cell proliferation, will depend on

the percentage of apomonoferric and diferric species of
transferrin bound to the transflerrin receptor on the cell
membrane, The proportion of each species of transferrin

bound will depend, in turn, on the saturation of transferrin
with iron (Williams et gl., 1978). With rabbit reticulocytes,
apotransferrin binds to the transferrin receptor with lowerw
affinity than mono- and diferric transferrius, and their

6

binding affinities are 4.6 x 10° M, 2.65 x 107 M™% and

1.1 x 105 M™%t

, respectively (Young et al,, l§84b)a At low
saturation of transferrin with iron, therefore, the
concentration of apotransferrin may be sufficiently high

to counteract its relatively low binding affinity for the
transferrin receptltor. This could then lead to a significant
blocking of receptors by apotransferrin and hence reduced
iren uptake from the iron containing molecules. The
proportion of apotransferrin, moncferric and diferric
species of translTerrin bound by the cells can be calculated

using the affinity constants for these species as estimated

for reticulocytes by Young et al. (see above), together with the

values for the distribution of iron between the binding
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asites in partially saturated transferrin as determined by
Williams et al. (1978). The percentage of a partiicular

species of transferrin expeclted to bind to the transferrin

receptor is equal to: propoertion of the species present

multiplied by dits affinity constant for the transfermin

receptor. Thus, for 1l0%~iron~saturated transferrin, the

proportion of apotransferrin, meonoferric and diferric ;
transferrin which would be expected to bind to the receptor
are 31, 41 and 28% respectively, in comparison with 8, 55
and 37%, respectively, when 30%-iron~saturated transferrin
is used. Thus, with 10 ¥~iron-saturated transferrin the
proportion of apotransferrin bound would be high in
comparison with that bound when transferrin 30% saturated
with iron is used, and as a result, the inlerference by

apotransferrin in the iron uptake process will be higher.

1f €these calculations are applied to the present study
it can be proposed that transferrin at low iron saturations B

world not be as good an iren donor to cells as transfemrrin

L ed ek L
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of highér iron saturation, and hence the lymphocyte
proliferative responses would be reduced. Furthermore,
although foetal calf serum containing medium had a higher
saturation of (bovine) travsferrin with iron (41%; see
3.4.2.2.2) than the serum-free medium, the degree of
transformation in both media was not significantly
different {(Table 14) indicating that under the conditions
employecd here, culture medium containing 30%~iron-saturated
transferrin is as good as medium containing 10% FCS in

supporting and promoting lymphocyle transformatiou.




Using serum from iron~sufficient and iron~deficient
mice, it was also shown that sera from iron-deficilent mice
were unable to support optimum transformation of cells
isolalted either from iron-deficient mice or countrel mice,
while serum from iron-sufficient mice permitied a normal
response of lymphocyltes from both iron-deficient and iron—
sufficient mice. Supplementation of iron deficient sera
with enough iron to bring the iron levels back to normal

values (i.e. to increase the saturation of serum transferrin

with irom) increased the lymphocyte mitogenic responses.

It seems, therefore, that the decreased lymphocyte proliferation
associated with dron deficiency may be due to inadequate .
levels of circulating transferrin-bound iron. As previously
explained, the apotransferrin present in the serum will
interfere with the uptake of iron by the cells from mono-
ferric and diferric species of transferrin. The average
percentage of saturation of transferrin Wifhliron in the
iroun-deficlent and iroun-sufficieunt sera as calculated from
Tables 8 and 12, is 15% and 82%, respectively. At 13%
saturation of transferrin with irom, the theoretical
proportions of apotransferrin, monoferric and diferric

transferrins bound would be 19%, 52% and 29%, respectively.

When transferrin is 82% saturated with iron most of the =
transferrin bound would be in the diferric form (91.8%)

and ouly 0.3% in the apo form. Therefore, in medium containing

serum from normal mice, there is a large amount of iron

available to the cells, this being the result of low
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interference from apotransferrin and also due to the highenr
proportion of diferric to monoferric ITransterrin bound

to the cells.

The observation that the degree of lymphocyte
preoliferation depends on the availability of transferrin-
bound iron is supporited by the work of other investigators.

It has been shown that lymphocytes isolated from iron-~

deficient individuals responded normally to mitogens when
cultured in medium containing serum from normal individuals
(Gross et al., 19753 Van Heerden et al., 1981l; Krantman et al.,
1982). Ndrmal human serum contains approximately 2.4 mg/ml

transferrin (Morgan, 1981) which is about one third salurated

with iron (Fairbanks & Beutler, 1977) so that when serum
is added to the lymphocyte culture medium at a normal

concentration of %5-10%, there will, as explained above,

be enocugh circulating transferrin-bound iron Lo permit a
normal response of lymphocytes to mitogens {or antigens).
IMurthermore, the normal respouse to mitogens of Jymphocytes
iseolated from iron-deficient subjects and culitured in

medium containing serum from normal individuals also

indicated that iron deficiency did mnot cause any intrinsic é
defTects in Lymphocytes and that these cells can respond
normally if there is cunough circulating transferrin-bound

iron.

“%.

Decreased proliferaltive responses of lymphocytes
assocliated with reduced levels of circulating transferrin-
bound iron were also reported by Joynsoun et al. (1972), | fﬁ
who cultured peripheral blood cclls isolatcd from irom %ﬁ

deficient anaemic patients in a medium containing aultologous
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serum. The level of circulating iron in the deficient

group (25.5 % 3.68 pg/l00 ml) was much lower than that of
the normal individuals (115.3 X757 wg/100 ml). The
reduced transformation obsevrved by the above investigators
might therefore have been associated with decreased levels
of cirvculating trausferrin-bound iren present in the culture
medium, Heowever, they also cultured cells in medium

nyt .
containing 20% foetal bovine serum, and as it wasispecified

in the results which of the two types of serum was used, it

is not clear whether the decreased lymphocyte translformation
was the result of low iron levels in the culture medium. ?

Decreased lymphocyte proliferation in vitrec mot associated

with decreased levels ofl tTransferrin-bound iron in the
culture medium have also been reported. Kuvibidila et al. gﬁ

(1983%) showed that the response to Cond of spleen cells

from iron deficient mice cultured in medium containing

foetal calf serum was significantly lower than that of the

control groups and that this differcnce was not eliminated
by addition of ferric chloride or mouse transferrin
(unspecified saturation with iron) to the culture medium.
Their results indicated that the low lymphocytle proliferétive

response was probably the result of cell abunormalities

caused as a result of iron deficiency, rather than the

lack of adequate levels of transferrin-bound iron. However,

it is diffdicult to compare thelr results with those

presented hevrae as spleen rather Llhan lymph node cells

were used. There was also an unexplained wvariation in the
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effect of in witro iron repletion according to the mitogen
and source of iron employved. Fletcher ct al. (1975) also
obeserved decreased proliferation of lymphocytes isolated
from iron-deficient individuals and cultured in medium
containing plasma from iron deficient patients. The
decreased response, though, was not due to low-~levels of
iron in the culture medium but probably due to iluntrinsic
defects of the cells isclated from the iron—deficient
patients, since cells from normal subjects cultured in
“iron-deficient™ serum produced a unormal response. However,
most of their patients had chronic candida infections

whielh might have affected parameters associated with
lymphocyte function. On the other hand, it has alsc been
reported that lymphocytes isolated from iron-deficient
patients and cultured in mediumlcoutaining autologous plasma
could traunsform normally in respomnse to mitogens, indicating
that neither iron~deficiency unor availabilit& of transferrin-
bound iron affected lymphocyte transformation (Kulapongs

et al., 1974). However, all their patients had a concomitant
hookworm infection, which may alter cell-mediated immune
responses or enhance the production of factbors which could
balance out the negative effect of lack of irom. It should
be noted that reports imn the literature indicate that
factors other than iron in the culture medium may affect
Llyvmphocyte transformation. The presence of infection
(Mendes and Raphael, 1971) influences cell~mediated immune
responsges and nutritional restriction in the diet causes

damage of the lymphoid system and substantially alters the

WREERE g e
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immune response (Faulk el al., 19753 Malavé et al., 1980).
The probable rcason for the demounstration by many investi-
gators of a reduced mitogenic or antigenic response of
lymphocytes isolated from iron—deficient individuals and
cultured in media without restriction of iron may have
been the presence of infections or nutritional deficiencies
olher than iron (Bhaskaram & Reddy, 1975; Chandra & Saraya,
19783 Macdougall et al., 197%; Sawitsky et al., 1976). It
is dmportant to note that investigators who failéd to find
abnormalities in lymphoeyte transformation associated
with iron deficiency using culture medium containing serum
from healthy individuals were among those who documented
the absence of infections or nmutritional factors other than
iron (Gross et al., 1975; Gupta et al., 1982; Krantman ct al.,
1982).

Furthermore, using sera from normal, iron-repleted
and iron-deficient mice it was shown that sera from irone-
sufficient mice were able to support optimum translformation
of lymphocytes dsolated from iron-~deficient, iron-sufficient
or iron~rvepleted mice, while serum from jiron~deficient mice
could not (Tables 20 and 29). The observed increase in
proliferative activity of lymphocyles cultured in medium
containing serum from irvou-repleted mice was probably the
result of the in vivo restoration of normal lecvels of
circulating transferrin-bound iron. The finding that
decreased skin responses of irou-deficient mice (Kuvibidila
et al., 1981) or iron-deficient patients (Talwalkar et al.,

1982) were restored to normal values by iron administration,
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may alsc be explained by increased levels of circulating
transferrin-bound iron.

Another observation in the present investigation was
that the iron content of the medium did not affect the cells
of the iron-deficient group differently from those of the
other groups of mice. Cells from irone~deflicient mice
would transform as well as cells from iron-sufficient mice
in all media. These results indicate that iron defliclency
in mice does not causc any intrinsic defects in lymphocytes
which affect proliferation and differentiation in vitro.
This comnclusion is supported by the work of Cummins et al.
(1978) who showed that immune lymph node cells obtained
either from mormal or iron~deficient donor rats failed +to
induce parasite rejection in iron-deficient recipients,
whereas immune lymphocytes from deficient donors could induce
rejectien in normal recipients. However, abnormalities in
lymphocytes as a result of iron deficiency ha?e been reported.
Kuvibidila et al. (1983a) demonstrated a reduced blastogenic
response of mouse splendc lyvmphocytes cultured with ConA
or PHA in medium containing new born calf serum, which was
restored o normal after in vivo iron repletion. They
attributed the decreased mitogenic response to either
increased numbers of undifferentiated cor functiomally
inactive cells. Purthermore, Jarvis and Jacobs (1974)
reported morphological abnormalities of the mitochondria,
such as increase in size, degeneration of the cristae and
vacuolation, in lymphocytes isolated frowm iron delicieunt

and anasemic individuals. Similar observations were reported

i
1
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by Jimeénez et al. (1982) who in addition showed that the
mitochondrial modifications were proportional to the degree
of iron deficiency. 11 is possible, however, that the
morphological abnormalities seen by these investigators

may not aflffect transformation per se, or may only be found
as a result of severe and prolounged iron deficiency, and

do not develop in the comparatively short time for which
the experimental animals were kept on low-iron diet in
these experiments.

The proportion of T-lymphocytes in the mouse lymph
nodes as indicated using monoclonal antibody to T=cell
surface antigens and ANAE-stain was the same in normal and
iron~deficient mice., This suggests that iron deficiency
does not affect immune responses by altering the relative
proportions of different lymphocyte subpopulations in the
Lymph nodes in mice. As iron deficiency affects cell
division and differentiation it is to be expected thav the
population of lvmphocytes with a high turnover rate (i.e.
short—lived) would be more affected in iron deficiency than
the long~lived cells. Since the Ilymph-node compartment is
considered by represent a long-lived recirculating pool
of lymphocytes {(Zatz & Lance, 1970) such a difference in
T-iymphocyle populations in lIymph nodes in diron deficiency
may mnot be present,. In contrast to the above findings,
Bhaskaram & Reddy (1975), Chandra & Saraya (1975), Svikentia
et al. (1976) and Krantman ¢t al. (1982) reported decreased
T-cell counts associated with iron deficiency. However,

they all used peripheral human blood cells while mouse
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Iymph node cells were used in the prescent study. PFurtliermore,
a decreased proportion of T=cells in the spleens of iron
deficient mice has also been reported (Kuvibidila gt al-.,;587;
1983a ). However the splecns in the iron-deficient mice
were very much enlarged so that the absolute number of
T-cells per spleen in the iron-deficient mice might not

have been very much different from the comntrcl mice. In

the present study the proportion of T-cells using ANAE-stain
whicli was approximately 82-90% of the total lymph node cells
{(Table 34), was slightly lower {(7-9%) than that demonstrated
by Mueller et al. (1975). However, they used cells from
mesenteric lymph nodes only while cells from mesenteric

and peripheral Llymph nqdes were used in the present
investigation and they also used BABL/c mice while CBH/Bi
mice were used in this study. The proportion of cells

positive four thyl 5 cell-antigens was lound to bhe about
’ .

767 8% (Table 34). This value was lower than that estimated
using ANAE~stain. However, resulis obtained using ANAT- Ty
stain canncet be compared to those obtained using monoclonal

antibody to T-cell surface antigens becautse ANAE-stain

inmvolves the detection of a cytoplasmic enzyme activity 'ﬁ

i.e. of a different cell marker to that detected by antibodies

to T=cell surface auntigens. The proportion of thyl o
¥

positive cells which were also positive for either lyl or

1y2 cell surface antigens was approximately 74-83% and

32-34%, respectively, (Table 34), indicating that the

number of cells positive for thy, , (i.e. T=lymphocytes)
» 2

is less than the number of cells peositive for lyl (i.e.
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T-helper) and 1y, (i.e. T»suppressor). However sensitive

immuneofiuorescence techulgues have shown that in mice 1yl
is found in all T-cells aithough it is present in much

higher levels on T-helper than ou T-suppressor or c¢yvtotoxic
T-cells (Ledbetter et al., 1980), so that some cells positive
for ly2 may also be positive for 1yl.

Although DNA synthesis is affected by the amount of
transferrin-bound iron in the culture medium, in the present
study protein synthesis by transformed cells was not affected
by the availability of iron. Resting lymphocytes, like all
cells, possess the enzymatic apparatus required for oxidative
metabolism and also other enzymes such as acid phosphatases

and enzymes foxr the synthesis of DNA, RNA and protein

(Elves, 1972). T-cell activation and proliferation lecading

to cell division, dnvelves increased cellular metabolic
activity such as DNA, RNA and protein synthesis (EpsteinJ& Stolméﬁ
19643 Inman & Cooper, 1965; Sell et al., 1963). Furthermove,

it i3 well established that stimulated T~cells produce

interleukin-2 (Smith, 1980; Smith et al., 1980b;Wagner et al.,
1980), a T-cell growth factor which plays a crucial role

in T-cell activation and proliferation and they also produce
immune interferon (Perussia et al., 1980; Klein et al., 1982},
a polypeptide involved in immunity against viruses. T-
lymphocyte transformation is therefore associated with
increased production of various proteins. The process of

protein synthesis reguires DNA and since transferrin-bound

iron as seen in this study affects DNA-synthesis, it could

be expected that availability of idiron during proliferation




- 168 -

could also affect protein synthesis. However, from the
results presented here, protein synthesis was mot directly
dependent on the levels of iron in the culture medium, and
it seems, therefore, that iron deficiency did not cause
any intrinsic defects in the ability of these celis to

synthesise protein. It is important te note that undexr the

conditions employved here for measuring total protein
synthesis by transformed cells, the number of cells Trom 'q
each group was standardised to eliminate possible differences &
in protein synthesis arising from the presence of different
numbesr of cells. In general, it seems that, provided fthere
ig sufficient DNA to initiate translation, this and protein
synthesis will proceed normally even in the condition of
iron Iimitation.

In conclusion, a short term iron deficiency in mice
does mnot alffect the preoliferative responses of mouse Lymph
node T-lymphocytes in vitro by causing intrinsic defects
or by altering the relative proporticon of different
lvmphocyte populations in the nodes. Furthgrmore, although

protein synthesis seems to bhe independent of the iron level

of the culture medium, cell lransformation as measured by
DNA synthesis depends on the availability of transferrin-

bound iron. From the results presented in this chapter it

ig quite clear that proliferation of mouse lymph node
T-lymphoceytes in vitro depends on the availability of
trausferrin~-bound iron. However, it was not evident

whether transferrin was important in proliferation only

as an iromn doenor or whether it also has an effect on cell

transformation unrelated to its iron-donating properties.
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In order to determine the exact role of {transfeirrin in
the proliferation and division of T«lymphocytes, another
set of emperiments was performed and these are discussed

in more detail in Chapter 4.




3.6 CONCLUSIONS

1
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No dintrinsic loss of ability of mouse lymph-node

Twcells to transform is caused as a result of iron
deficiency.

The iron content of the culture medium is important for
T-1lymphoecytes to transform in vitro.

The in vitro protein synthesisz by transformed lymphocytes
is not directly affected by the irom content of the
culture medium.

Tnder the conditions employed, serum [rom iron-deficient
mice has inadequate iron levels to permif op timwm
transformation.

In vivo iron repletion resulted in the re-establishment
of normal iron status and alsc in restoration of the

in vitro mitogenic response of lymphocytes cultured

in medium containing serum from iron-repleted wmice.

Iron deficiency does not affect the propoftion of Twcells
or T-cell subsets in the mesenteric and peripheral

tymph nodes of mice.
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3,7. SUMMARY
The in yvitre response to ConA of iymphocytes from

iron~deficient and control groups of mice in media contaiuing

either 10% FCS or 30%—~iron~saturated transferrip was the

same for the iromn~deficient and control groups. However,
the degree of transfo?mation in serum-free medium containing
l0%~iron-saturated transferrin was significantly lower in
all groups of mice. The transformation of lymphocytes

from iroun-sufficient, iron-deficient and iron-repleted mice
was lower in media supplemented with serum from iron-

deficient mice than when serum from iron-sufficient or jron-

repleted mice was used. Addition of sufficient irom to
bring the iron level of the deficient serum to that of
normal serum significently improved its ability to promote
transformation. In vivo repletion of iron~deficieul mice
resulted in a restoration of normal Lymphocyte response to
Cond which was associated with a return of sérum iren levels
to normal values. The proportion of cells positive for
thyl’z,-lyl and lyz antigens did not differ significantly
between any groups of mice. Protein synthesis by cells
transformed in serum-free medium containiung 10%-~or 30%

iron-saturated transferrin was the same in all groups of

mice, These results indicate that the decreased lymphocyte-
preliferative responses in iron deficiency may be due to
inadequate levels of circulating transferrin~bound iron

rather than to intrinsic defects caused as a result of

iron deficiency or changes in the proportion of T-cells

or T-cell subsets in the lymph nodes. .ﬂ
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CHAPTER 4

THE ROLE OF TRANSFERRIN AND TRON

IN PROMOTING THE IN VITRO TRANS~

FORMATION OF MOUEE LYMPH NODE

LYMPHOCYTES
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hW.l., INTRODUCTION

Although iron is an important requirement for
haemoglobin synthesis {Elder, 1980; Wrigglesworth & Baun,
1980), small but significant cquantities also are required
by cells other than eryithraid precursors for the synthesis
of metabolically important metalloenzymes and cytochromes
(¥rigglesworth & Baum, 1980)}. The transformation of
lymphocytes to form blast cells, an important coemponent of
the ilmmune respouse, invelves increased metabolic activity
(MacKinney et al., 1962; Epstein & Stohlman, 196kL; Tnman
& Cooper, 1965; Sell et al., 1965; Elves, 1972; Ling &
Kay, 1975) and hence an increased reguirement for iron-
containing cunzymes ., It is possible, therefore, that in-
adequate delivery of irom may cause a decrease in the

metabolic activity of lymphoeytes which may result in

reduced proliferative response. _ i
In the previous chapter it was shown that lymphocyte
transformation in serum-free or serum-containing medium,

depended'ou the availability of trausferyrin-bound iron

and that supplementation of iron~deficient serum with
enough iron to bring the iron levels back to normal values
significantly increased the degree of proliferation. Since
it was not clear whether transferrin was important in
transformation as an iron donor, or that transferrin also

affects proliferation by means other than donating iromn,

it was decided to investigate further the role of transferrin

in lvmphocyte proliferation. The requirement of transferrin
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and iron in lymphocyte transformation has been reported
before , Tormey and Mueller (1972) showed increased i

incarporation of labelled thymidine into DN4 in human

péripheral blood lymphocytes when human transferrin was
added to the culture medium. The interpretation of their A
results, though, i1s dilfficult siunce they cultured the X
Iymphocytes in medium containing foetal calf serum and E
hence their results were complicated by the presence of

bovine transflerrin. Lipsky & Lietman {1980) showed that

39

NP e

stimulated murine lymphocytes accumulated Fe during the

blastogenic process when cultured in medium containing 4

59

serum which had been incubated with Fe as ferrous chloride Jé
to allow oxidation and binding of the irom by the serum

transferrin, Furthermore, mitogen-stimulated lymphocytes

showed an enhanced incorporation of labelled thyviridine
when cultured with transferrin in serum-Iree medium
(Phillips & Azari, 1975; Dillner-Centerlind et al., 1979;

Broeck, 1981, Tanno et al., 1982). This ability of trans-

[oratriy

ferrin to promote lymphocyte transformation in vitro was o
showwu to depend on its ability to bind iron since desg-
ferrioxamine, an iron chelator, added to the mediuwm prior
to transferrin prevented transferrin from potentiating

the preliferative responses (Brock, 1981; Novogrodsky et al.,

1982). These workers also showed that the decreased
proliferaltive response of Lymphocytes in the presence of o
desferrioxamine {DF0) was mnot the result of modification &
of the mitogenic response by desferrioxamine itself but

probably due to removing transferrin and hence depriving
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lymphocytes, of iron. Similarly, Lipsky & Lietman (1980)
showed that the blastogenic response of murine lymphocytes
cul tured in serum-containing mediuwn was decreased by about
50% when desferrioxamine was added to the medium. Additioaally,
they reported that the percentage inhibition depended on

the time for which the cells had been cultured before
desferrioxamine was added. Brock {(1981) and Tanno et al.
(1982) also reported that in serum-free conditions des-
ferrioxamine inhibited the transformation~-promoting activity
of transferrin, and that the inhibition depended on the
concentration of desferrioxamine.

Use of monoclonal antibodies to the tramsferrin receptor
which blocks trausferrin binding showed the need of
transferrin~bound iron by proliferating cells in vitro.
Transferrin-mediated uptake of iron by murine tuﬁour cell
lines was inhibited by an antibody to mouse transferrin
receptor (Trowbridge et al., 1982). The inhibition of
cell-proliferation by monoclonal antibody was mot a direct
result of its binding to the receptor, since a mounoclonal
antibody to ilransferrin receptor which did not block access
of transferrin to the receptor did not have any effect
(Trowbridge & Lopez, 1982). Further evidence that the
transferrin requirement for in vitrc lymphocyte proliferation
is related to a need for transferrin-bound iron, comes
from the observation that the degree of transformation of
lvmphocytes depends mot only on the presence oi transferrin,
but also on the level of transferrin-bound iron (Phillips &

Azari, 1975; Brock, 1981l) indicating that the levels of

B ;

A
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transferrin-bound iron are also important. This is
confirmed by the work of Brock & Rankin {(1981) and Bomford
et al. (1983), who showed that mitogen stimulation resulted
in an increase in both binding of transferrin and uptake
of dron by lymphocytes. Uptake of transferrin-bound iron
and binding of transferrin by hwasan lymphoblastoid cell
lines has also been reported (Schulman et al., 1981). During
transformation and cell division, when the requirement for
iron increases, there is alsc an increased expreésion of
cell-membrane receptors specific for transferrin (}Iamilton
et al., 1979; Larrick & Cresswell, 1979a;Galbraith et al.,
1980a,b,c; Brock & Rankin, 1981l; Hammarstrom et al., 1982;
Neckers & Cossman, 1983).

Literature data, therefore, suggest that transferrin
is important in Iymphooyte proliferation as an iron supplier.
However, it could also be proposed that the requirement
for transferrin is not only related to the increased need
of proliferating cells for irom, but may also result from
cell proliferation being dependent upon a signal derived
from the interaction of transferrin with its receptor. This
would suggest that the importance of transferrin in
lymphocyte transformation may be duve to some effect on cell
proliferation other than its ability to act as an iron
donor. There are some literature data which support such
g Theory. Although iron from transferrin 1s important for
lymphocyte proliferation, it is necessary to explain the
fact that lymphocytes, in serum-free medium, also take iron

from iron compounds such as nitriloiriacetate (Brock, 1981 )
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or ferrous sulphate (Tanno et al., 1982) but these compounds

do not substitute for transferrin as promoters of lymphocyte
transformation. However, it should be remembered that

iron uptake from low molecular welght compounds is nuon-
physiological since, under mormal conditions, mno low-moleculay
weight iron complexes are found in the plasma (Hahn & Ganzonid,

1980) and intermnal handling and utilisation is precbably

abnormal. Another point of consideration is that although
desferrioxamine when added to cell cultures caused a marked ,;
inhibition of lyvmphocyte proliferation, it did mot induce

complete inhibition even al concenirations sufficient to

ks S
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chelate all the iron in the medium (Brock, 1981; Novogrodsky
et al., 1982)., Furthermore, proliferating lymphocytes in
contrast te erythroid precursors bind inappropriately large

amounts of transferrin in relation to theirx iron requirements

(Bomford et al., 1983)., Finally, lymphocytes possess storage

iron (ferritin} which one might expect to be mobilised to
meet increased needs during transformation if no exogenous ??
iron is available, but seemingly ferritin canmot substitute
for transferrin-bound iron (Summers & Jacobs, 1976). Taking
these peoints into consideration, it could be argued that

the binding of the iron-~transferrin complex, or perhaps,

transferrin alone, to the cell membrane receptor ig, in

itself, an important step in the sequence of eveuls which
lead to cell proliferation. Binding of tramsferrin to its
receptor at physioclogical {temperatures results in aggregation
or patching of the receptors which is followed by endocytosis

(Galbraith & Galbralth, 1980). Patching has been observed
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in other systems such as the binding of mitogens to

specific receptors on cell membrane (Ling & Kay, 1975;
Stobo, 1977) or the binding of antigens to immuunoglobulius
on B-lymphocytes (Taylor et al., 1971; Loor et al., 1972;
Raff & de Petlris, 1973)« The transferrin receptor is a
major multi~subunit component in the membrane of transformed
T-lymphocytes (Goding & Harris, 1981) and it is a bivalent
molecule (Newman et al., 1982). Furthermore, transferrin
prohahly acts as a divalent ligand since iron-binding halfe
molecules produce no enhancement of lymphiocyte proliferative
responses (Brock, 1981). Patching of the immunoglobulin

on B-lymphocytes which leads to cell activation, also
requires a divalent ligand (Taylor et al., 1971l; Raff &

de Petris, 1973). There is, therefore, a resemblance between
the binding of transferrin to its receptor and cother
triggering systems such as the binding of antigen to surface
immunoglobulin.

In conclusion, although transferrin is undoubtedly
important for lymphocyte transformation as an iron donor,
there are also data which suggest that the iuvteracticn of
transferrin with its receptor on the membrane of stimulated
cells may in itself trigger events leading to transformation.
This study wae performed in order o investigate this
possibility, and four different apploaches have been used

to test this hypothesis.
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1. The effect of desferrioxamine on the proliferation of

mouse Lymplt node lymphocytes in vitro g

One of the important factors which needs to be takemn
into account while investigating the effect of transferrin
or iron on lymphocyte proliferation in vitro, is the level
of endogencus iron or transferrin in the culiture medium.
The interpretation, for example, of results concerning
the effect of transferrin or ironm on the proliferation of
lymphocytes cultured in serum-—-contlaining medium are
complicated by the presence of transferrin in the serum.
The use of serum~free medium overcomes this problem, but
it has been found that RPMI-1640, the most commonly used
culture medium for lymphocytes, contains‘a small but
significant amounut of endogenous iron (Brock, 1981) which

i1s surlficient to saturate some of the transferrin added

to the medium. This may therefore interfere with any
attempt to study the role of apotransferrin. In order to
determine whether transferrin is important in Ilymphocyte
transformation as a membrane-triggering agenf and not as

an iron domor, it is mnecessary tc¢ determine whether apo-

transferrin promotes transformation. The problem of ﬁ

endogenous iron can, however, be overcome by adding a

suitable iron chelator to the medium prior to the addition

of apotransferrin. Desferrioxamine is an iron chelator

with an iron~binding affinity constant grester than that

of transferrin (Pollack et al., 1976). If DFO is used

in the culture medium prior to the addition of apotransferrin
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and the effects of tramsferrin ou Lymphocyte preliferation
in the presence or absence of desferrioxamine are compared,
the importance of +transferrin as a membrane-triggering

agent can thereflfore be demonstrated. However, this

strategy would only work if the efficiency of apotransferrin
as a trigger was similar to that of iron-containing trauns-
ferrin. Some dnvestigations along this line have already
been reported, but they used either serum-containing medium
(Novogrodsky et al., 1982) or a different culture.technique
{(Brock, 1981}, hence it was felt desirable to carry out
further cxperiments using the controlled counditions described

in Chapter 2 of this thesis.

The effect of cobalt— and manganese~containing transferrins

on lvmphoevte proliferation

The use of desferrioxamine to investigate the possibility
that lymphocyte proliferation in vitro depends on a signal
derived from the interaction of transferrin Qith its
receptor, and that transferrin is not important as an iron
donor, will only provide useful results if both apd?and
iron containing translferrins could cause a signal for
proliferation. However, it could be that the induction of
the triggering effect requires the conformation of trans-
ferrin induced wheun metal is bound. In order to test this
possibllity transferrin which had bound either cobalt or
manganese was used instead of iron-—containing transferrin.
Cohalt and manganese are metals of the same transition

series as iron and therefore have similar physico-chemical
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properties. Sincec the ionic radii of cobalt and manganese

{0.653 K and 0.62 E, respectively), do not differ much from
that of irom (0,67 R), they should be able to substitute
for iron in the transferrin molecule without greatly alter-
ing its configuration. Complexes of transferrin with

manganese 01 cobalt have been prepared previously (Aisen

et al., 1969; Tan & Woodworth, 1969; Zweier et al., 1981).

L

Since Mn3+ and Co have been shown to occupy the same

T+

binding sites in the transferrin molecule as Fe (Aisen
et al., 1969; Tomimatsu et al., 1976) it is physiclogically

feasible to use them instead of iron. By using cobalti-

or manganese~containing transferrins instead of iron traus-
ferrin it may therefore be possible to show whether

trausferrin is important in lymphocyte transformation

because of its ability tTo dounate iron or because of a

membrane triggering effect.

3. The effect of transferrin with abunormal iron-binding

properties on lymphocyte proliferation

A varianl lransferrin has been isolated by Evans et al.

(1982) with an abnormal C-terminal iron-hinding site. This
transferrin alse has a lower association constant with the
transferrin receptor which is reflected in a reduced rate
of iroun-donation to transformed Lymphocytes (Young et al.,

l98&a). However these workers did not investigate the degree

of transformation induced by the abnormal transferrin. The
effect of the variant transferrin on lymphocyte proliferation

counld therefore be used to determine whether transferrin
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enhances transformation by causing a triggering effect on
the lymphocyte membirane. If the variant transferrin induces
the same proliferative response as the normal transferrin,
the triggering effect is probably not important . However,
if the variant transferrin causes low proliferation, this
could be due Lo elther low wmembrane triggering effect or

due to low iron uptake

L, The effect of a monoclonal antibody to the mouse

transferrin receptor on lymphocyte preciiferation

It is known that membrane receptors specific for
transferrin are expressed on miluogen activated peripheral
blood lymphoeytes (Phillips, 1976; Galbraith et al., 1980b)
and that membrane binding of transferrin results in the
delivery of iromn to the metabolically active lymphocytes
(Hamilton, 1983}, However, if the interaction of trausferrin
with its vreceptor also causes a friggering offect lcading
to cell proliferation, then a monmoclonal antibody to the
transferrin receptor may, 1f an alternative scurce of iron
is also provided, be able to mimic the effecfs of transferrin
and induce the same proliferative response. The effects
on in vitro lymphocyte transformation of a monoclonal antibody
to the transferrin receptor in the presence or absence
of chelated iron have therefore been compared with the

effect of diron-containing transferrin.
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4.,2. MATERIALS

k,2,1. Variant and normal human transferrins. Variant and

normal human transferrins isolated from the plasma of a
donor who is heteroéygous for the variant were kindly
provided by Dr R.W. Evans, Guy's Hospital Medical School,
London. Variant and normal transferrin preparations were
rendered iron free by dialysis against 0.02 M citrate
buffer at pH 5.1 for 24 h, and dialysed again against d-DW
before being freeze-dried. Stock solutions {0.5 mg/ml)
of variant and human transferrins were prepared in PBS
(containing 1% NaHCOB). For different saturations of the
transferrins with irocn, the appropriate amount of iron as
ferric nitrilotriacetate complex was added (see 2.2.2.2).
Human control transferrin solutiom was prepared from
Hehringwerke transferrin as described elsewhere ({see

2.2.2'6)0

L.2.2. Monoclonal antibody to transferrin receptor. Monoclional

antibody to the mouse transferrin receptor (Ab o« TFR;
R17208) was kindly provided by Dr I. Trowbridge, Salk

Institute, San Diego.

L.3. METHODS

L.3.1. Preparation of cobalt and mauncanese complexes of

transferrin

For the preparation of the cobalt transferrin complex

(CoTf) the metbod of Aisen et al. (1969) was used. The

———

1:1 complex of cobalt with citrate was obtained by mixing
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egual volumes of 0.01 M citric acid and 0.0l M cobaltous
nitrate solutions {Analar grade, BDH) and then slowly
adjusting the pH of the solution to 5.0 by careful addition
of 1M NaOH. A 3~fold excess of citrate~cobalt complex

was added to a 5% (w/v) solution of human apotransferrin

in 0.1 M KCl - 0.05 M Tris buffer, pH 7.3 The preparation
was then made 0.04 M in NaI-ICO3 and allowed to stand for

30 h at 4°C in the dark. Increments of 2 pl of 0.6% (w/v)
of hvdrogen peroxide were tThen added until no further

increase in the absorbance at 405 nm was observed. Since

the absorbance at 405 nmw was not further increased after

the addition of 6 pl of peroxide solution to a solutiom

containing 25 mg of transferrin in 0.9 ml medium, it was
decided that the transferrin was fully saturated with iron.
The spectrum of this solution cxhibiting maximum at 405 um,
was similar to that obtained by Aisen et al. (1969}, Unbound
metal was removed by Sephadex G-25 gel fildtration followed
by passage of the preparation through a column of chelex-100
(Bio Rad. Laboratory, Richmond, Co.,, U.S.A.) equilibrated
with XKCl~Tris buffer. The chelex-~100 did net remove any

of the metal from the transfervin complex as indicated by
the ratio of the absorbance of the transferrin solution

at 280 and 405 nm which were the same before and after
passing through the column. The final concentration of

the transferrin in the solution was estimated by measuring
the absorbance at 280 nm against KCl-Tris buffer and using

the extinction coefficient for human iron-saturated
El%

lem

transferrin at 280 nm; = 14,1 (Aisen et al., 1967},
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since the extinction coefficient value for cobalt-saturated
transferrin was unobtainable.

The manganese transferrin (MnTf) was prepared iun the
same way as the coball transferrin using MnSOu-HHEO
(ANALAR grade, BDH), and omitting the step of addition of
peroxide. The concentration of transferrin in the sclution
and the percentage saluration with maunganese were checked
using the extinction cecefficient values for iron-saturated
transferrin at 280 um (Ii‘jiﬁ.—. 14.1; see above) and the
extinction coefficient values for manganese-—saturated
transferrin at 429 um (Eiiﬁ: 1.09, Feeney & Komatsu, 1966).

The percentage saturation of the transferrin with manganese

was calculated using the formala: OD422 14,1 « 100
OD280 1.09

The spectrum of transferrin saturated with manganese
prepared as desgcribed above exhibited a maximum at 429 nm
and 1t was similar to the spectra oblained by other

investigators (Feeney & Komatsu, 1966; Aisen et al., 1969).

%.3.2, Lymphocyte transformation assay

Lymph node cell-suspensions were prepared and cells
were cultured as described elsewhere {(see 2.3.2). The

proliferative responses were measured as in Section 2.3.2.

L.3.2.1. Effect of destferrioxamine omn the transformation of

mouse lymphocytes in serum—free medium

Cells were cultured with ConA (0.5 pg/ml; see 2.4.2)
in serum-free medium 1o which apotransfcrrin (50 pg/ml)

and increasing concentrations of DFO (25 to 250 ng/ml)
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were added. The DFQ was added to the culture medium 20 min
prior to the addition of apotransferrin and cells to allow

complete binding of endogenous dron. Controls without

ConA or without DFO, and also a positive comtrol with 25%-—

iron-saturated transferxrin, were included. The reason for

using 25%-iron-saturated transferrin as a positive control

instead of 30%—iron-containing transferrin was that, at the

time of this experiment, a new batch of culture medium was

used (see 2.3.1.1) without knowing the levels of éndogenous

iron.

4,3.2.2. Culture of cells with ceobalt— or manganese-containing

transferyin

Cells were cultured with ConA (1l wg/ml)} in serum free

medium to which transferrin saturated to varying degrees with

iron, maunganese or cobalt (see 4.3.1) was added.

4.3.2.3. Culture of cells with variant and nermal human

transferrin

Lymphocytes were cultured with Cond (0.5 pg/ml) in

serum=-free medium containing either variant or mnormal human
transferrin isolated from the same doner, or human comntrol
{Behringwerke) transferrin. Two different experiments were
performed depending on the concentration of the {transterrin
used (i.e. either 50 pg/ml or 5 pg/ml). Cultures were

set up containing each transferrin as either apotransferrin

or 30%.or BO%-iron-saturated transferrin. The cells were

cultured in medium contaiuing 80%-irvon-saturated transferrin,

because at this saturation bhoth sites of transferrin will
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contain iron and therefore it is ensured that the abnormal

site will carry iron.

4.,3,2.4. Bffect of anti-transferrin receptor monoclional

antibody on the transformation of mouse Jlymphocytes

Cells were cultured with Cond (0.5 ug/ml) in serum-~free
medium containing either 7.5 ng/ml or 15 ng/ml of iron as
Ire{XTA) in the presence or absence of Ab = TfR (50 ug/ml).

The amount of iron added as Fe{NTA) (i.e. 7.5 and 15 ng/ml)

was eguivalent to that of 10%or 20%-iron-saturated transferrin,
reépectively. The monoclonal antibody was added to the

medium prior to the addition of Fe(NTA). Controls consisting
of cells cultured alome or with Ab & TLfR only and also

with apotransferrin and 10%~0or 20%~iron~saturated transferrins

were included. In these experiments, cell-cultures were

set up in octuplicate with triplicate ConA-negative controls.

4.3.3. Mauganese and iroun uptake Lrom doubly labelled

translferrin by proliferating lvmphoovies

4.39.3.1. Adjusting counting windows in the j~counter for

15

dugal counting of iron and manganese

51
Examination of the raunge of energy emitted by I Mn

was found, using a spectral plet, to overlap the range of
emission by 59Fe (Fig. 9), so that in simultaneous counting
of radiation emitted by the two metals, the countiug of

the energy emitted by one may also include encrgy emitted
by the other. It is important, therefore, before measuring

simultaneous uptake of manganese and iron to choose counting

windows fFol each isotope which allow as much radiation as
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possible emitted by each isotope to be counted but at

the same time giving minimum spill over from one channel
o the other. For this reason, before proceeding to the
experiments concerning manganese and iron uptake by

proliferating lymphocytes, the counting windows in the -

counter (LKB Compugamma Model 1282 with 3" detector) were
adjusted accovdingly using a set of standards. The standards
included: high and low activity (i.e. about 10,000 and

1,000 c.p.m.’respeotively) of 51"‘M‘:1 and 59Fe, and a mixture
59 5l

of high activity of e and low activity of - Mn, and

vice versa. Figure 9 shows the energy spectra for iron

and manganese at window range of 200-240. Ior simultaneous
counting of both metals, the windows were adjusted to

211-220 for manganese and to 222-~235 for iron. The spilliover
which was 0.2% for 54Mn'in the iron-channel and 12% for

"
)9Fe in the manganese-channel, was corrected automatically

by the machine.

.3.3.2. Estimation of manganese and iron taken up by

proliferating lymphocvyties

Mouse lymph mnode cells were cultured with Cond (0.5 wg/ml,
see 2.4.2) in serum-free medium containing transferrin
doubly labelled with 5%y (specific activity = 94uCi/pg Mn)
and 2°Fe (specific activity 9-10uCi/ug IFe) (Amersham).
Three different preparations of doubly labelled transferrin

were obtained, each one having a total saturation with metal

of 60%. However, the ratio of manganese {o iron in each

preparation was as follows: firstly, 3:1l; secondly, 1l:1 f

and thirdly, 1:3, taking into account also the iron content f?
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of the medium (5 ng/ml}. Preliminary work showed that

53 BHMn per 3.6 x 107

240 nCi of Fe and 800 nCi of viable
cells gave adequate counts for measuring uptake of each
metal by the cells alter two days of culture. For the
preparation of the double labelled traunsferrin, the radiow-
active metal was diluted, appropriately, first with the
cold metal, and then mixed with the correct amount of
transferrin solution (50 ng of human transferrin/ml medium)
forr 10-~15 min. before being added to the culfture medium.
Ferric nitrilotriacetate was used as a source of cold iron,
and Mn504.4H20 for manganese, prepared in citrate buflfer

(Mn: citrate molar ratio 1:1, pH 5.0). The cells (2 x 105

viable/ml) were cultured at 3700 in an atmosphere of 90%

air, 10% CO, in 50 ml tissue culture flasks (see 2.3.1.2)

2
in a total volume of culture medium of 18 mi. After 65 h
of incubation the cultures, sel up in duplicate, were spun
(1200 r.p.ms, 90 sec), the cells were washed three times

5 b'Mn

in RPMI~1640 containing Hepes, and the 59Fe and
radiocactivity asscociated with the supernatant,washes and

the cells counted in the K—couuter using the windows described
in Section 4.3.3.1. Finally, the percentage uptake of each
metal by the cells was calculated. To determine whether
different degreesg of transformation tock place at tlhe three
different proporitions of metals, and because radiocactive

iron and manganese interfere with measurement of uptake of

labelled thymidine, separate parallel cultures were set

up in which the cells were cultured wilh transferrin

containing cold iron and manganese at the three different
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ratios described above, plus control containing 60%-—
iron~-saturated transferrin. After 635 h of iucubation, 1 ml
aliquots werce taken and slides of the cells were prepared
for differential staining (Leishman). The rest (1 ml)

was aliquoted into a microtitre plate (100 pl/well),

pulsed with th—thymidine for 4 h and the proliferative

responses measured as described elsewhere (see 2.3.2).

L.3.4. Iron uptake by proliferating lymphocytes in the

presence or absence of monoclonal antibody to

transferrin receptor

Mouse lymph node cells were cultured with ConA (0.5 pg/ml,
see 2.4.2) in serum-free medium containing 15 ng/ml iron

as Fe(NTA) with or without monoclonal auntibody to transferrin
receptor (50 pg/ml). The amount of iron added to the medium

was eqguivalent to that of 20%-dron-~saturated transferrin

when the transferrin was used at a concentration of 50 peg/ml,

Cells were also cultured in mediuwm containing 25%-salurated
transferrin (this amount of irom includes also the endogenous

iron). The reason for using 25%-iron-saturated transferrin

nrte et L L

as a positive control instead of 30%, is explained in

Section 4.3.2.1, TUnlabelled Fe(NTA) was mixed with 59pe
(specific activity: 10 pCi/wg Fe) and this labelled Fe(NTA)
was either used as such in the culiure media, or added to
transferrin or to the moncoclional antibody before these were
added to the medium. The final activity was 240 nCi/2 x lO7

viable cells, in a total volume of 10 ml. The cells were

cultured in duplicate flasks as described in Section 4.3.3.2.

Alter 58 L of incubation, the cultures were centrifuged
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and the cells washed as described elsewhere (sce 4.3.3.2}.
Finally, the 59Femactivity of supernatant, washes and cells
was measured in the ﬁ—counter and the percentage ilron

uptake calculated.
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L.Yy, RESULTS

Lioli.1l. The elffect of desferrioxamine on the response to

concanavalin A of mouse lymph node lymphocytes in

in serum-~free medium

The degree of transformation of lymphocytes cultured
in medium to which apotramnsferrin and DFO were added wasg
significantly lower at all concentrations of DFO when
compared with the responses of the cells cultured with
transferrin but in the absence of DFO (Fig. 10, Table 36).
The decreased proliferation may be due to DFO depriving
transferrin and hence cells of the endogenous iron. However,
the degree of proliferation at all concentrations of DFO
was gimilar, and even the concentration which was enough
to chelate oulf 50% of the endogenous iron {(i.e. 0.02% pg/ml)
caused the same reduction in transformation as higher
concentrations of DF0 sufficient to remove all the endogenous
irom. It may be that at a concentration of DFO of 0,025 pg/
ml, the amount of endogenous iron available to transferrin
is so small that it does not cause any marked effect on

the proliferative response.

hoh,2. The effect of cobalt and mauganese complexes of

transferrin on the transformation of mouse lymph

node lymphocytes in vitro

hohe2.1, The effect of cobalt-transferrin on the transformation

of mouse lymphocytes in vitro
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Tahle 36: Analysis Dby Scheffe's method of multiple comparisons of the
affect of desferrioxamine on the transformation of mouse
lymphocytes in serum-free medium (data from Fig. 10).

Groups Simu}taneous'QS% Significant
compared* vonfidence limits difference
1l and 2 631.80,434.,00 S
1 and 3 -26.80,=-567.22 8
land 4 «165.34,-680.66 S
1l ang 5 -65.34,~580.66 5
1l and 6 ~147.80,-688.23 S
L and 7 ~38.80,-599,25 S
2. and 3 641.91,43%4,15 S
2 and 4 502.65,311.44 5
2 and 5 605.90,408.12 9
2. and 6 510.90,313.11 S
2 and 7 601.90,414.15 S

*1l: eslls cultured in absence of transferrin; 2: cells cultured in
medium to which apotransferrin was added; 3,4,5,0,7: cells cultured
in medium containing traensferrin and DFD of concentrations of:

25, 50, 100, 150 and 250 ng/ml, respectively.
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When mouse lymph node cells were cultured in medium
containing cobalt-traunsferrin, the incorporation of Ilabelled
tlhrvmidine was significantly reduced in comparison with the
proliferative respomnse of the cells cultured in medium
containing 100, 30, or 10%-iron-saturated transferrin
(Fig. 11, Table 37). This result indicates that cobalt-
containing transferrin does not prowote lymphocyie
proliferation as well as iron~containing transferrin, and
that irom bound to transferrin is important for stimulated
ilymphocytes to proliferate in vitro. However, since iron
displaces cobalt from the tramsferrin molecule (Zweier
et al,, 1981), the iron prescnt in the meditm (see 2.3.1.1)
will displace some cobalt from the cobalt transferrin. The
decreased proliferation of lymphocytes in medium containing
100%-cobalt~saluraled transferrin may therefore be caused
by free cobalt arising from the displacement of cobalt by
endogenous iron. Also cobalt taken from transferrin by
the cells may itself be toxic for the cells. To determine
whether free cobalt was toxic, lymphocylbes were cultured
with ConA (0.5 pg/ml) in medium containing 100%~iron-saturated
transferrin plus cobalt {as cobaltous chloride solution
made in d—DW) to give 5 ng of cobalt/ml of culture, which
was equal to that displaced by iron. Cells were also
cultured in medium containing 30%-and 100%—iron-saturated
transferrin. Although free cobalt slightly decreased
the lymphocyvte proliferative response (Fig. 12}, the effect

was nol significant (Table 38). This would indicate that

SAeartd Mgt nei L LT S Gl




Figure 11: The effect of cebalt~transferrin and iron-transferrin
on the transformation of mouse lymphocytes in serum-
free medium.
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Tableg 37: Analysis by Scheffe's method of multiple comparisuns of
the sffect of cobali-~transferrin and iron-transferrin
on the transformation of mouse lymphocytes in serum-frae
medium (data from Fig. 11).

Groups Simg%taneous~9§% significant
compared# confidence limits difference
1and 2 -2301,-8719 S

1 and 3 10935 ,4517 5

1 and 4 =12022,-18440 5

2 and 3 5425 ,-993 NS

2 and 4 2830,6512 8

3 and 4 —-4296,-10714 5

%1: celle cultured in medium containing 30% FeTf; 2@ cells cultured
in medium containing 100% FeTfj 3: cells cultured in medium with
10% FaTfs 43 cells cultured in medium to which transferrin 100%
saturated with cobalt was added.
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reduced transformation of Lymphocytes cultured in medium
containing 100%-cobalt~saturated transferrin was probably
not the result of a toxic effect of cobalt released into

the culture medium. In order for the preparation of

cobal t=transferrin, to ensure oxidation of 002+ to 003+

and binding of the metal to the transferrin molecule,
hydrogen peroxide was used. Since hydrogen peroxide is a
gtrong oxidising agent which, therefore, may affect the
structure of transferrin, it was decided to use another
metal which binds to traﬁsferrius with the same counfiguration
and at the same bhinding sites but does not require peroxide
for its preparation. Since manganese complex of transferrin
has been prepared before without the use of peroxide (Ulmer

& Vallee, 1963), it was therefore decided to use manganese.

L,4h.2.2. The effect of manganese~transferrin on the trans-

formation of mouse lymphocytes in vitro

Cells were cultured with transferrin fully saturated
with iron or manganese, and also in medium to which 100%-
manganesc~saturated transferrin plus free manganese, the
amount was equivalent to that displaced by the endogenous

iron (i.e. 12.5 ng Pt as MnSOh.hH,O solution, made in

2

d-DW, per 1 ml of culture; this amount was added as the

old batclh of culture medium was used (See 2.3.1.1)). As

with cobalt, the degree of transformation of mouse lympbocytes
in medium containing transferrin fully saturated with
manganese was significantly lower than that when 100%-iron-

saturated transferrin was used (Fig. 13a, Table 39). This
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Figure 12: The effect of free cobalt on the transformation of
mouse lymphocytes cultured in serum—frese medium
gantaining transferrin-bound iron.
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For statistical analysis, see Table 38.




Tapbla 38:

Analysis by Schaffé‘s method of multiple compariscons of
the effect of free cobalt on the transformation of

mouse lymphocytes cultured in ssrum-free medium containing
transferrin-bound iron {(data from Fig. 12).

Groups
compared*

1 and 2
1 and 3

2 and 3

Simultaneous 95% Significant
confidence limits difference
6l46.85,-2898.85 NS
=1297.15,=10442,95 S
~-2871.15,-12016.85 S

¥1l: cells cultured in medium containing 1l00% FeTf; 2: cells cultured

in medium containing 100% FeTf and free

cultured in medium with 30% FeTf.

cobalt (5 mg/ml); 3: cells




result indicates that manganese transferrin, like cobalt-

transl{errin, is not as good as iron-containing transferrin

in promoting lymphocyte preliferation in vitre, and
furthermore, do not support the idca that the proliferative .f
response may depend on a signal derived from the interaction
of the transferrin with its receptor, rather than simply

the donation of iron. However, the degree of ftransformation
in medium containing 100%—iron-—saturated transferrin plus
manganese cquivalent to that displaced by the en&ogenous

iron, was significantly lower (Fig. 13a, Table 39) than

when 100%-iron-saturated transferrin was used alomne,
indicating that free manganese may have some adverse effects
on cell proliferation. The low proliferative response,
therefore, im the prescnce of 100%-manganese-saturated

transferrin might have been partly due to the toxic effects

of manganese released into the medium after being displaced _§
by the endogemnous iron, and this might have masked any
triggering effect of manganese-—transferrin. To aveoid this
problem, the effcct of partially saturated transferrins was
investigated. Cultures were set up in medium containing

30%~or LO0%-ivou~saturated transferrin, and alsc in medium

to which apotransferrin and 100%-mangancse-saturated

transferrin were added in 4:1 ratio, respectively, so that
the transferrin present in the medium had a saturation with
metal of 20% manganese, 10% iron (derived from the endogenous ;é
iron of the culture medium), and 70% remained iron-free.

This also compared the effect on cell proliferation of

manganese-~containing transferrin with a similar metal countlent
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Ficurg 13: The effect of manganese—transferrin and iron-
transferrin on the transformation of mouse
lymphocytes in serum—free medium.

Incorporation of 145~thymidine

as % of positive controle
Per?entage s?tu?aﬁlmh G 50 100
of transferrin in the J

medium.

(&) 100% Fe (+ve control) VIS IININ

100% Fe, no ConA (-ve }
control)
100% Min _7_]1

100% Fe + frees Mn m_l

(12.5 ng/ml)

g 50 100

(b)

30% Fa (+ve control) {///X//////}///XF

30% Fe, no ConA {-ve a
control)

10% Fe 77777k
10% Fe, 20% Mn m_.

{a) Fully saturated transferrin (b) Partially saturated transfercin.

Mean + 80, (+ComA, n = 143 =ConA, n = 8).

For statistical analysis, ses Tables 39 and 40,
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Table 39: Analysis by Scheffe's method of multiple camparisons of the
effect of fres manganese on the transformation of mouse
lymphocytes in serum~free medium (data from Fig. 13a).

Simultansous 95% Significant
Croups confidence limits diffarence
compared¥
1 snd 2 1B760,15226 S
L and 3 14088,10692 5
2 and 3 ~2B836,-6370 g

¥1: cells cultured in medium containing 100% FeTf3; 2: cells cultured
in medium containing transferrin 100% saturated with Mmnj; 3: cells
cultured with 100% FeTf and free manganese (12.5 ng/ml).




Table 40: Analysis by Scheffé's method of multiple comparisons of the
effect on the transformation of mouse lymphocytes of

transferrin partially saturated with manganese or iron Af
(data from Fig. 13b). i
Simultaneous 95% Significant

Groups confidence limits gifference

camparsd¥*

1l and 2 15777,12413 S

1and 3 19102,1451.8 5

2 and 3 5007 ,423 5

#1l: cells cultured in medium containing 30% FeTf; 2: cellg cultured
with 10% FeTf; 3: cslls cultured in medium containing 1C0% FeT?
and 20% MnTf.




to 30%-iron-saturated transferrin. The degree of transform-
ation in medium containing 10%~iron plus EO%wmangauese-
saturated transferrin was significantly lower than when
cells were cultured in medium containing 30%-iron-saturated
transferrin despite the fact that the comtent of metal-
containing transferrin molecules was thc same in both cases
(Fig. 13b, Table 40). These results again suggest that

the fuunction of transferrin is mainly te supply iron to
transforming lymphocytes and that a signalling effect caused
by transferrim is not essential to promote translormallion.
However, the dala could, altermnatively, suggest that
transferrin~-bound manganese may be inhibitery per se.

Manganese«transferrin could inhibit transfermation by blocking

transferrin receptors and hence pptake of iron. On the

othher hand, since transferrin with 10% iron and 20% manganese
was less effective than transferrin containing 10% irou alone
even though it contained a higher content of_metalnbearing
transferrin molecules, mangancse~transferrin may also result
in uptake of inhibitory amounts of manganese by the cells.

In order to investigate whether the decreased preoliferative

response in the presence of manganese~conlaining transferrin

might have been partly due tc uptake of manganese by the

x

cells, and also to determine whether the stimulated cells

w0 T

can distinguish between iron-containing and manganese- -é
containing transferrin, studies of uptake of manganese and
iron from transferrin by proliferating lymphocytes were

performed.




L,h.2.3. Upbake of manganese and iron from transferrin by

proliferating lymphocytes in vitro

Al 1:3 ratio of dirom to manganese, the amount of iron
taken up by silimalated lymphocytes was as great as that of
manganese, despite the greater quantity of manganese added.>
At higher iron to manganese ratios, the proportion of
manganese taken up was further reduced. It seems therefore
that at all ratios of diron to manganese, the cells preferentiallji

take up iron (Table 41}, The degree of tramsformation of

stimulated lymphocytes and the proportion of blast-like
cells was the same in the three media containing transferrin
of different ratios of iron to manganese, indicating that
enough iron was taken up at all three ratios of ijron to
manganese to induce the observed response and that the
availability of iron was not a limiting factor {Table 42).
However, the response of lymphocytes was much enhanced in

medium containing A0%—diron-saturated transferrin (the

saturation with irou was equivalent to the iron and manganese
contentl of transferrins)e Since cells take up manganese e
(Table 41), it seems thal the decreased Tesponse in the
presence of manganese may be dusg to ftoxic effects of

manganesc rather than blocking of the receptors. =

bolte3. The effect of variant and normal human transferrins

cen the proliferation of mouse lvmphogcvtes cultured

in serum~free medium

The degree of transformation of lyvmphocytes in medium

25
B4

to which variant transferrin was added either as apotransferrin .
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Table 42: Thse sffect on the transformation of mouse lymphocytes of
transferrin doubly-labelled with 5%Mn and “SFg.

Transferrin 14B~thymidins . Percentage
gaturation incorpa;ition (c.pem.) of blasts
15% Fe + 45% Mn 780 £ 197 65
30% Fe + 30% Mn ose £ 75 63
45% Fo + 1E% Mn 954 £ 9g 73

60% Fe 1851 £ 100 nd

+Nean t S0; n = 10. Figures ohtained using the same cells as in
Experiment I, ses Tahle 41.
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or 25%_iron—5aturated transferrin was not significantly
different Lxom ithe response of cells cultured with normal
human transferrin at the corresponding iron saturations
(Tables l3a and 4ha). These results indicate that at low
iron saturations, wvariant transferrin is as good as normal
transferrin in promoting transformation of lymphocytes

in vitro and also that enough iron was taken up from the
variant transferrin to induce the same response as with
normal transferrin. However, at higher saturations with
ivon (i.e. B0O%), the proliferative response induced by the
variant transferrin was significantly lower than the response

induced by mnormal transferrin (Tables U43a and 44a), indicating

that, at high iron saturations, the variant transferzin is
not as good as normal in promoting transformation.

However, this experiment was performed only once due
to lack of availability of the variant transferrin. IMarther-
more, since variant traunsferrin at 50 pg/ml is well above -
the amount required to saturate all receptors, abnormal
binding may become more apparent if the variant transferrin
is used at lower concentrations. The same cexperiment was

therefore repeated using 5 wg/ml transferrin instead of

30 pg/ml. At this low comncentration, taking into account

the amount of iron presemnt in the culture medium (5 ng/ml,
see 2.3.1.1), trensferrins when added to the medium as
apotransferrin or 7h%-iron~saturated transferrin, become
50 and >»>100 per cent sabturated, respactively., The variant
transferrin at both saturations caused a slightly lower

proliferative response whern compared with nermal or control
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Table 44(a):
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Analyslis by Scheffé's method of multiple comparisons aof
the effect of variant and narmel transferrins (50 j+«g/mi)
on the transfarmation of mouse lymphoeytes in serum-fres

medium,
Percentage
saturation
of trans- Groups Simultansous
ferrin in compared® 95% confidence Significant
the medium limits difference
1 and 2 356.0,-386.0 NS
5% FeTf 1l and 3 916.0,174.0 S
2 and 3 931.0,189.0 8
30% FeTf 1l and 3 14.8,~514.8 N5
2 and 3 224.8,~304.8 NS
1 and 2 ~300. 8 ,-1025.,2 5
80% FeTf 1l and 3 ~&505.8,-1240,2 S
2 and 3 102.2,-532.2 © NS

*1s cells cultured in medium containing varient transferring
2: cells cultured with pormal transferrin isolated from the
same conor as the varient transferring
3s cells cultured with control human transferrpin (Behringwerte).




Table 44{b): Analysis by Scheffé's method of multiple comparisons

of the effsct of variant and normsl transferrins.(SgAg/ml)
on the transformation of mouse lymphocytes in serum—-free

madium.
Percentage
saturation
of trans-
ferrcin in Groups S5imultaneous 95% Significant
the medium compared® canfidence limits difference
L and 2 0.3,~518.3 nes
50% FeT# 1 and 3 Gby B b7, ns
2 and 3 205.1,~293.1 ns
1 and 2 268.8,-1018.8 ns
>100% FeTf 1 and 3 56.0,~1636.0 ns
2 and 3 141.0,=1103.0 ns

*1l: cells
?2: cella
donor

3: cells

cultured in medium containing variamt transferring
cultured with normal transferrin isoleted from the same
as the variants

cultured with contral human transferrin.




transferrins but the difference was not significant (Tables

43b and 44b). At low concentrations of transferrin, therefore,
when less transferrin is available to interact with its
receptor, the proliferative response induced by variant

or normal transferrin was the same at either high (i.e.

> 100%) or lower (i.e. 50%) saturations with irou, i.e.
the esame result was oblained as when the variant and normal
transferrins were used at concentrations of 50 pg/ml and

lower iroun~saturations.

Loh.l. The effect of monoclonal antibody +o mouse translerrin

receptor on the transformation of mouse lyvmph node

lymphocytes in wvitro

The degree of transformation of lymphocyltes in medium
containing Ab a« TfR was signilficantly lowexr than the respounse
induced by apotransferrin (Tables 45 and 46). A lower
proliferative response in comparison with thqt induced by

lS%or 25%-iron-saturated transferrin was alsc observed with

Ab o TET plus Fe(NTA) of iromn content equivalent to that of
the corresponding iron-containing transferriﬁ (Tables 4y and
46). It appears, therefore, that Ab o TfR cannot substitutbe

for transferrin even in the presence of Fe(NTA)., Furthermore,

the proliferative response in the presence of Ab o TfR was
significantly lower than when the cells were cultured
without transferrin indicating that Ab a TLR may actually
be toxic to the cells. When both Ab a TfR and Fe{NTA) were
used, the degree of transformation was also lower than that

when Fe(NTA) was used alones, The reduction in transformation
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Table 46: Analyasis by Scheffe's method of multipls comparisons of the
effect of moncclonal antibody to transferrin receptor on
the transformation of mouse lympheocytes in serum~free medium
(data from Table 45).

Groups Simultaneaus 95% Significant
compared* confidence limits difference
1 and 2 1850.0,-1670.0 'ns

1l and 3 200.0,-~152,.0 ns

1 and 4 373.0,121.0 5

2 and 3 191.0,=161.0 ns

2 and & 547.2,182.8 5

3 and G 557.0,205.0 5

4 and 5 2569,2,~105.2 ns

4 and 6 2.8, -68.0 ns

5 and 6 213.2,-151.2 ns

4 and 7 =120.7 ,-1559.0 S

5 and 8 -1644,B,~-2009,2 5

G and 9 ~1734.8,~2099.2 S

7 and 8 -1591.0,-543.0 5

7 and 9 ~243.8,~-608.2 S

8 and 9 123.,2,=241.2 ns

*1: cells only; 2: cells + Fe(NTA) (7.5 ng Fe/ml); 3: cells + Fe(NTA)
(15 ng Fe/ml); 42 cells + Abx TFR; 5: cells + Abe TPR + Fe(NTA)
(7.5 ng Fe/ml); G: cells + AbwTFR + Fe(NTA) (15 ng Fe/ml); 7: cells +
ApoTf; B: cells + 15% FeTf; 9: cells + 25% FeTf.
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in the presence of Ab oTfR and Fe(NTA) compared with the

response in the presence of Ab aTfR only, appeared to depend
upon the level of Fe(NTA), but the counts were very low

(Table 45). Iron uptake studies showed that in the presence
of Ab a TTfR and Fe(NTA) a smaller amount of iron was taken

up by the cells than in the presence of Fe(NTA) alone (Table
47). These results suggest that in the presence of AL aTfR
the amount of iron taken up from Fe(NTA), although very

small, may, nevertheless, interfere with rather tﬁan promote
cell preliferation. Furthermore, the degree of transformation
of lymphocytes in medium containing iron as Fe(NTAJ equuivalent
to that present in 15 or 25%-iron-saturated transferrin, was
the same as the response of the cells cultured withoul iron,
although the proliferative response was much reduced compared
with that when 15 or 25%-iron-saturated transferrin was

used (Table &7). The percentage of ivon taken up by
proliferating cells from Fe(NTﬂJ was similar to that taken
from iron-containing transferrin (Table 47). These results
coufirmed the earlier observations of Brock & Remnkin (1981)
that, although, iron from Fe(NTA) is taken up by stimulated

lymphocytes ip vitro, it does mot promote tramsformation.
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Table 47: Iron uptake by mouss lymphocytes cultured with concanavalin A
in serum~free medium containing sither transferrin or ferric
nitrilotriacetate or monoclonal antibody to mouse transfarrin

receptor,
Culture madium Percentage of iron uptake by
containing proliferating lymphocytas
I* 1%
Fe(NTA)* . CE s
{15 ng Fg/ml) 25,5 = 3.5 18.5 - 1.
* *
25% FaTf 25.5 = 1.5 23,8 D.2
Fe{NTA)}(15 ng
Fa/ml) )
+ 6.0 £ 0.6 6.0 £ 0.3
Ab e TTR
*amount of ironm equivalent to that of 20% FeTf

iMaan of two rpeadings L sem

*Tuwo different experiments waere performed, I and II.
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4.5, DISCUSSION

It is now well established that transferrin is
important for lymphocytes to proliferate in vitro (Tormey
& Mueller, 19727 Dillner-Centerlind et al., 1979; Larrick &
Cresswell, 1979%a; Galbraith et al., 1980a; Brock, 1981).
This rcguirement of transferrin in cell proliferation is
known to depend on its ability to donate irom to the cells
(Lipsky & Lietman, 1980; Brock & Rankim, 1981; Bomford et al.,
1983). However there are also literature data which suggest
that transferrin may be required in cell proliferation
because of a properly unrelated to its iron-binding and
donation (Broclk, 1981; Tanno et al., 1982). It may be
that when transferrin binds to its vTeceptocr on the cell
membrane of-stimulated lymphocytes, it causes a signalling
effect which then leads to the events of proliferation.
Membrane-triggering mechanisms exist in many systems. The
interaction of IL~-2 with IL-2 receptors on the membrane of
activated T-lymphocytes initiates proliferation (Palacios,
1982a3Neckers & Cossman, 1983). The mitogenic or antigenic
stimulation of lymphocytes also depends on a triggering
effect caused as a result of the binding of the mitogen ox
antigen to their receptors on the cell membrane (Chess
et al., 19763 Crumpton et al., 1976} It may be, therefore,
that lymphocytes in order to praliferate also require a
signal caused by transferrin interacting with the transferrin

recepltor on the membrane of stimulated lymphocytes.
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The work reported in this chapter has attempted to
define more closely the role of transferrin in the

proliferation of lymphocytes in vitro with particular

v

reference to its role as an iron donor or as a possible
membrane triggering agent. This has been achieved by
investigating the effects on cell proeoliferation of:

1) apotransferrin;

2) transferrin contalning metals other than iron which bind
to tramsferrin specifically and induce a similar counformation
of the transferrin molecule to iron~-transferring

3) a variant transferrin which has abnormal iron-binding
properties and a lower affimnity for the transferrin receptorw
than normal transferring

4) a monoclonal antibody to the mouse transferrin receptor
in the presence or absence of inorganic ixomn.

If a membrane triggering mechanism caused by transferrin
is important in the proliferation of 1ymphocytes, the
apotransferrin itself may induce some degree of transformation,
assuming that the cells can utilise thelir own intracellular
iron. However, since endogenocus iron in the culture medium
will saturate some of the {ransferrn, DFO was used in order
to render this iron nom-avadilable to transferrin. The
degree of transfTormation of Llymphocytes when apotransferrin
and DFO were added to the medium was significantly higher
than the response observed in the absecuce of apotlransferrin
and DFO (Fig. 10, Table 36). This suggests that lymphocyte
transformation may depend con an interaction of transferzrin

with the cell-membrane which may then trigger events leading
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to proeliferation. However, since the increased transformation
in the presence of apotransferrin was only slightly (though
significantly) highe? than that observed in the absence of
transferrin and lower than that observed in the presence

of BS%wiron-saturated transferrin, it may be that apo-
transferrin is not as good a triggering agent as iron-
containing transferrin because it does not possess the same
configuration as transferrin with iron bound. However,
this difference could also be due to the role of iron—
containing transferrin as an irom donor, so¢ that the above
result is not comneclusive. To aveid this problem, the
effect of coball~ and manganese~containing transferrins
were investigated, since these complexes should permil the
effect of transferrin in the metal-containing conformation
to be studied. Transferrin fully saturated with cebalt or
manganese caused a significant reduction in the proliferative
response in comparison with that induced by iron-saturated
transferrin (Figs. 11 and 13a). However, culture medium

to which transferrin 100% saturated with either cobalt or
mangancse is added will in fact contain transferrin which
is 90% saturated with cobalt or manganese and 10% saturated
with iron, due to endogenous iromn displacing the cobalt or
manganese, 1t will also therefore contain free cobalt

or manganesc {(12.5 ng/ml, see 2.3.1.1). Since the responss
of lymphocvtes in medium containing transferrin 100%
saturated with cobalt or manganese was also significantly
lower than that caused by 10%-ircm-saturated transferrin,

it may be that free cobalt or manganese are toxic to the
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cells, and that this may mask a possible triggering elfect
of transferrin. To test this, a further experiment was
performed in which elther cobalt or manganese was added

to the medium contaimning lOO%-dronmsaturated transferrin,

in an amount egquivalent to thal being displaced by the
endogenous iron. The free manganese, and Lo a lesser extent
cobalt, caused a reduction in the transformation~promoting
activity of 100%-iron-saturated transferrin, thus indicating
that the free metals themselves caused some reducfion in
proliferation (Figs. 12 and 13b). To avoid the problem

of toxicity caused by the free metal, partially saturated
transferrins were used., Transferrin saturated 20% with
manganese and 10% with iron still significantly reduced the
proliferative response of lymphocytes in comparison with
that induced by 30%-iron-saturated transferrin despite the
presence of the same number of metal-containing transferrin
molecules {Fig, 13b, Table 40). Furthermore, proliferation
in medium containing 10% iron and 20% manganese was also
significantly less than that observed when Ll0%-iron-saturated
transferrin was used {Fig. 13b), despite the fact that both
culbtures contained the same number of iron-bearing transferrin
molecules, This suggests that transferrin may not promote
transformation by inducing a membrane signalling effect.
However, the reduced response observed iun the presence of
manganese~Lranslferrin may be due to manganese-transferrin
bindinrg to the transferrin receptors and thus preveunting
hinding of iron-transferrin or alternatively, to a toxic

effect of manganese acquired by the cells from transferrin.




Studies of uptake of manganese and iron by proliferating
lymphocytes from itransferrin doubly labelled with the

two metals were therefoxre performed. These experiments

showed that the cells can take up manganese from transflerrin,
suggesting that the low response of the cells in the prcsence
of manganese~translferrin could be partly the result of
intracellular toxic effects of mangenesc (Table 41). The
proportion of iron taken up at the ratic of Fe:Mn.of 1:3

was as high as that of manganese despite the fact that

there was more manganese present, and at higher ratios of
FPe:Mn, the iron taken up by the cells increased proportionally.
I+t scems therefore that the cells take up iromn preferentially.
In addition, the percentage of blast ceclls, and the degree

of transformation at all ratios of Fe:Mn was the same

(Table 42), but reduced in comparison with that induced by
transferrin 60%-saturated with iron. Taken together these
observations suggest that the impaired cell pl"olifera'tion

in the presence of manganese~transferrin was not the result
of dunadequate iron uptake due to blocking hinding of irone
containing transferrin, but more likely due to a toxic

effect of manganese~iraunsferrin. Additionally, since iron
was taken up preferentially at all ratios of FetMun it may

be that manganese~transferrin has a lower binding affinity

to the receptor than irom-containing transferrin. Although
none ol these experiments conclusively showed that transferzin
does mnot act as a membrane triggering agent none gave any

evidence that such an effect was ocourringe.




Further evidence fox this conclusion came from studies
using the varxiant transferrin. This transferrin binds irom
abuormally at the C~terminal site, the complex heing less
stable than normal transferyin (Evans et al., 1982) and
in addition, variant transferrin saturated with iron binds
to the transferrin receptor with an affinity of one order
of magnitﬁde less than that of mormal transferrin (Young
et al., 1984a). If a membrane triggering effect is important,
therefore, it would be expected that the reduced éffinity
of the variant transferrin for the receptor would result
in reduced proliferation. At low iron-saturation, the
variant transferrin caused a similar respounse to fthat of
normal transferrin isolated from the same donor (Table 43a).
This suggests that iron~availability was not a factor
limiting cell proliferation in Lhe presence of the iron and
transferrin. However, at lew saturation of transferrin
with iron, it may be that no iron binds to the abnormal
C—terminal site of the variant transfervin, and a difference
between mnormal and variant might in conseguence not be
apparent. The experiment was therefore repeated using
transferrin 80% saturated with irom, to ensure thal some
iron was bound at the C~terminal site of the variant
transferrin, under these conditions. Since insulficient
variant transferrin was avallable to repeat this experiment
uszsing 50 pg/ml of tramsferrin, a further experiment was
carried oul using the transferrin at 5 pg/mi. At this
lower concentration, any effect of the lower affinity of

the variant transferrin for the receptor should become more




apparent. At this conditlion, the proliferation of lymphocytes
cultured in medium caontaining variant fransferrin was
significantly lower than that caused by normal translferrin
(Tables 43a, 4ha)., However, at this comncentration the
variant transferrin also induced the same response as normal
transferrin at high (» 100%) saturation with iron. The
reduced response caused by variant transferrin at high
iron-saturation and at 50 ug/ml in the previous experiment
(see Table 43a) may have been an artifact. Nevertheless,
since moat results shbwed that the wvariant transferrin is

as good as normal in promoting proliferation of stimulated
lvmphocytes it would appear that cell proliferation does
‘not depend on a triggering cffect caused by transferrin
interacting with the transferrin receptor, and that the
variant transferrin camn, despite the lower affinity for

the transferrin receptor, donate sufficient iron to lympho~
cytes in promoting optimal transformatioti.

An alternative approach to the problem of whether
binding of a ligand to transferzrin receptor provides a
signal to initiate cell proliferation, is to use a ligand
other than transfervin to bind bto the receptor. The efflfect
on lyvmphocyte transformation of a monoclonal antibody to
the transferrin receptor was therefore investigated. When
antibodies bind to specitic cell receptors, they induce
"patching® or "capping" leading to endocytosis. Patching
of transferrin receptors on binding of trunsferrin to
lymphocytes and endocytosis of the transferrin receptor

complex has also been reported (Galbraith & Galbraith, 1980).
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Thus, if binding of ligand, or patching of the transferrin
results in the dinduction of a membrane triggering cffect
which leads +to endocytosis and to events of proliferation
then a monoclional antibody to transferrin receptor should
also mimic the effects of transferrin. However, Abo TER
did mnot induce the same response as transferrin, at any
iron saturation hetween 5 and 25%, even in the presence of
a corresponding quantity of inorganic iron {Table 45).
This result indicates that Abwe TfR cannot substifute for
transferrin in enhanciung proliferation, which in turn
suggests that binding of transferrin or patching of transw~
ferrin receptors is not in itself a membrans triggexing
mechanism. However, the Ab o TfR was not only unable to
substitute for transferrin in promoting transformation but
actually had inhibitory effects on proliferation compared
with that observed when cells were cultured in the absence
of transferrin. Possible mechanisms for this are discussed
latere.

In conclusion the results of experiments using cohalt
or manganese transferrin, the variant transferrin and the
monoclonal antibody to the ftransferrin receptor all suggest
that the major role of transferrin is to donate iron to
the cells. In no case was any evidence obtained to sugpgest
that the interaction of transflerrin canses a ltriggering
effect leading to transiormation which is independent of
iron donation. However, in ne case could it be unequivocally

assumed that no triggering effect existed as other faclors




could have influenced the wresults. Furthermore, in contrast
to the other results, it was shown that the proliferation

of lymplhiocytes was significantly higher in the presence of
apotransferrin than in the absence of transierrin even

when DFO was added to prevent any binding of endogenocus iron
to apotransferrin (Fig. 10}, This could suggest that
transferrin may euhance proliferation by triggering membrane
events even when it cannot domate iron. Iowever, some
degree of proliferation was still observed even in the
absence of (apo)transferrin. Sotys and Brody (1970) have
shown that normal human peripheral lymphocytes synthesise
transferrin. It may be, {therefore, that transferrin is also
required for some other function such as intracellular
transport of iroun, and that under adverse conditions when
there is no extraceliular transferrin-bound iron available,
stimulated cells may be able to use eudogenogsly synthesised
transferrin to fulfil their needs, at lcast partially.
Transferrin might be required intracellularly for the
transport of iron from the labile pool to mitochondria,

and it has been shown that isolated mitochondria take up
labelled iron from transferrin (Konopka, 1978: Konopka &
Turska, 19?9). It may be possible, therefore, that the
Proliferative response observed when apotransferrin was
used was mnot the result of a membrane triggering effect
caused by the apotransferrin but that the (apo)transferrin
is also required intracellularly. Although this is only

a speculation, end the role of transferrin in the intra-

cellular transport of iron remains to be resolved, it does
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imply +that the ability of lymphocytes Lo proliferate in
the presence of apolransferrin may not necessarily be
evidence for a membramne-triggering cffecct.

The effect of Abx TfR and Te(NTA) in cell proliferation
require some further discussion in addition to their in-
ability to substitute for transferrin in promoting trans-
formation.

It was found that in the absence of Ab« TLfR, the same
amount of iron was taken up by the cells from Fe(NTA) as
from transferrin (Table 47) although the degree of proliferw
ation of stimulated cells in medium containing Fe(NTa)
was significantly lower than that induced by the transferrin
(Tables 45 and %46). Similar observations have been reported
before (Brock & Rankin, 1981; Taunno et al., 1982). Irarther—
more, no significant difference in the degree of proliferation
was observed between cells cultured with or without Fe{NTA}.
Taken together these observations indicate that Fe(NTA)
cannot substitute for transferrin in promoting transformation.
White and Jacobs (1978) showed increased uptake of iron
from Fe(NTA) by Chang liver cells in comparison with that
taken up from iron-containing trausferyrin. However, the
iron taken up from Fe(NTA) was largely found to be membrane~
associated and very little was incorporated into ferritiu.
In contrast, iron taken from transferrin was found to be
mostly incorporated into ferritin. This suggests that
iron acquired from Fe(NTA) probably does mnot enter the
normal intracellular metabolilc pathways. Since the other

experiments reported in this section suggest that transferrin

PV
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does net promobe proliferation by acting as a membrane
triggering agent, it seems likely that Fe(NTA) fails to
promote lransformation not as a result of lack of a membrane
itriggering effect, but due to inaccessibility of the iron

so acquired by cellular metabholism.

The fact that Abea TFfR actually inhibited transformation
may be due to the Tact that it is endocytosed via thie same
route as transferrin (Euns et al., 1983) and once inside
the cell in the low pH of the endocytic vacuole, it may
become dissociated from the transferrin receptor and then
interfere with cell activity. TFurthermore, the inhibitory
effect of Ab o TLfR increascd in the presence of inorganic
iron (i.e. Fe(NTA)) and although the counts of the incorporated
140—thymidiue were very low, the effect was reproducible
and inhibition was proportional to the amount of inorganic
iron added. Although the cells took up iron Ffrom Fe{NTA)
in the presence of antibody, the quantity taken up was
less than that taken in the absence of Ab«TfR (Table 47).
The interaction of the Apot TEHR with the transferrin receptors
may cause a reduction in membrane permeability in the
stimalated lymphocytes. BSince Ab o TfR plus Fe(NTA) is
more inhibitory than AbaTfR alone, and alsc since AbaTfR
ies endocytosed via the same route as transferrin, it is
suggested that inorganic iron in the presence of AbaTfR is
taken up via the same route as AbaTfR rather than by
diffusion across the membrane. Once iunside the cell in

the endacytic vacuole, the antibody, as explained above,
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may become dissoclated from the receptor and interfere
with cell activity. The dron may or may not dissociate
from NTA, but in either case the NTA may interfere with
intracellular iron processing. To dinvestigate such a
peossibility, it is necessary to study the fate of radio-
labelled NTA in the cell in the presence and absence ol
AbaTLR.

In conclusion, results presented in this chapter suggest
that the importance of transferrin in the transformation of
lymphocytes is mnot due to a membrane triggering effect
which enhances proliferation as a result of interactiomn
with receptors or inducing receptor patching. Transferrin
is most likely reqguired in cell proliferation sclely for
its iron-donating properties discussed in Chapters 2 and 3,

possibly also for an undefined intracellular functiom.




L.48. CONCLUSIONS

L. Apotransterrin has some transformation~promoting activity.

2. Transferrin containing elther cobalt or manganese does
not substitute for iron-transferrin as a Ttransformatione

promoting agent.

3. Variant transferrin with an abuormal C-terminal iron
hinding site is as good as normal transferrin in enhancing

lympheocyte proliferation.

4. Monoclonal antibody to transferrin receptor cannot
substitute for transferrin in promoting transformation

even in the presence of inorganic Lron.

5¢ The majoxrity of these results indicate that transferrin
enhances Llymphocyte proliferation solely as a result of
ilts abllity to donate irom, and does mot fulfil any
additional function by triggering proliferation through a

membrane sigunalling.

B
i
¢
4




L.7. SUMMARY

Although it is now well established that transferrin
is reguired by proliferating lymphocytes, it is not clear
whether this is due only to a requirement for the cells to

acquire iron or whether the interaction of transferrin

with a membrane receptor alsoc acts as a signal for triggeriug g
transformation. 1In an atltempt to answer this guestion, i

desf{errioxamine, an iron chelator, was used to remove

endogenous iron present in the culture medium and allow the :f
effect of apotransferrian on lymphocyte transformation to

be dnvestigated. It was found that when enough deslferrio- i;
xamine to chelate the endogenous iron was added to the medium
prior to addition of transferrin the degree of transformation
was significantly reduced when compared with the response

of cells cultured in medium containing iron-transferrin.

However the proliferative respounse in medium containing
apotransferrin (i.e. in the prescnce of desferrioxamine) S

was significantly higher than when cells were cultured in

the absence of transferrin indicating that transferrin
without iron does have some transformation-promoting activitys.
In order to investigate lfurther the relative importance of

iren and transferrin in lymphocyte transformation the effects

3+
5

of tramsferrin containing iron (F93+) or other metals (Co

Mn3+) which form complexes with a similar configuration
were compared. Transferrin 100% salurated with manganese

or cobalt was markedly leas effective than transferrin

100% saturated with iron, but this was probably due to
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toxicity of free metal displaced from transferrin by

iron present in the culture medium. However, transferrin
salurated 20% with mangancsc and 10% with iron was also
less effective than transferrin saturated to either 10%

or 30% with iron alone. Studies using 59Fe and 54Mn bound
to transferrin at different ratios showed that both
manganese and iron were taken up by the cells, although
iron was taken up to a greater extent, indicating that
toxicity of manganese was more likely to be responsibie for
the low trgnsformation-promoting ability of manganese

transferrin than a blocking action of manganese-transferrin

onn iron uptake was more likely to be responsible. Nevertheless,

these results do suggest that transformation~promoting

activity of transferrin is dependent primarily upon its

role as a source of iron rather than as a membrane triggering

agent, Further evidence for this conclusion was provided
by experiments showing that a variant human transferrin
which bindeg to lymphocytes with lower affinity than normal
transferrin nevertheless promoted optimum transformation.
Furthermore, a monoclonal antibody to the mouse transferrin
receptor could mnot substitute for transferrin as a
receptor=-triggering agenlt even vhen inorganic iron was

provided in the medium.
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GENERAL SUMMARY ___AND CONCLUSTONS

Transferrin~-bound iron is impertant for lymphocyte
proliferation. Evidence for this comes from the observations
of the present investigation showing that the proliferation
of mitogen~stimulated mouse lymph unode lymphocytes depends
on the availabillty of transferrin-~bound iron both in
serum-=-free medium and in medium containing serum from iron-
sufficient or iron-deficient mice., The reduced ﬁroliferative
response of lymphocytes cultured in medium containing serum
from itron-deficient mice was the result of low levels of
transferrin-bound iron since iron-repletion in vitro g in vive
corrected the defect., Turthermore, lymphocytes isolated
Trom normal o1 iron-deficient and iron-sufficient mice
proliferated at the same degree irrespecitive of the iron
availalbility in the culture medium, indicating that iron
deficiency did not cause any intrinsic defects iu the
abllity of the lymphiocytes to proliferate. The proportion
of T-=cells and T-cell subsets was also not altered in iron
deficiency. Taken together these observations suggcest
that the reduced lymphocyte proliferation and perhaps
therefore, the impalred DTH responses associated with iroun
deficiency are the resgult of decreased levels of cirvculating
transferrin~bound iron rather than of intriansic abnormalities
in the lymphocytes or altered lymphocyte~subpopulations.

In addition, the importance of transferrin in lymphocyte

proliferation was shown to depend on its iron-donating




properties, rather than on a triggering effect caused by
transferrin interacting with the transferrin rcceptor.
This was concluded from experimeunts showing that transferrin
containing cobalt or manganese which has a similar configur-
ation to diroun~transferrin did not enhance preoelifergtion
when compared with the response induced by diron-containing
transferrin. Iurthermore, a variant transferrin which has
a loweyr receptor-binding alfinity constant than qormal
transferrin induced the same rvesponse as mormal transferrin,
and a monoclonal antibody to transferrin receptor could
not substitute for transferrin as a transformation-promoting
agenit even when inorganic iron was added., Thus, it can be
concluded that the expression of transferrin receptors in
proliferating lymphocytes is probably entirely related to
the iron-regquirements in the cells.

In conclusion, iron bound to transferrin is one of
the contrelling factors for the in viiro proiiferatjon of
lymphocytes., This is probably because iron 1s important
for the activity of the enzyme ribonuclectide reductase
which is required for the synthesis of DNA (Hoffbrand et al.,
1976). IIow this compares wiih the in vivo situation is
difficult to predict. Under normal conditions, there is
a constant supply of circulating transferrin-bound iron,
but in iron deficiency, the saturation of transferrin with

iron is very much reduced sco that in a localised area,

such as a lymph node, consumption of iron bouund to lransferrin

may not be replenished fast enough resulting in impaired

immune responses
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APPENDIX

STATISTICAL ANALYSIS




- 238 -

STATTISTICAT, ANALYSIS

In biological sciences unlike the more exact sciences
of physics and chemistry, inherent variation is very high.
Since this variation can make numerical arguments more
difficult and unreliable, it is mecessary lo describe the
basic variability by using appropriate statistical methods
so that valid and objective conclusions are reached.

The data presented in this thesis were analysed by
methods appropriate to the experimental design and the
problem to be resolved. The following methods have beeh
used:

1. Student's t=test

This is a statistical method which is used to determine
whether measnrements on two samples taken from two populatiouns
are compatible with the null hypothesis that the two
populations htave the same mean, and it is achieved by
comparing the difference between the itwo samﬁle means witlh
the egtimated standard error of the difference. The test
statistic t may be regarded as the difference hetwesun the

two sample means divided by the standard error of the

differences _ XL =X —9)
t - XL o~ t(ina)(ﬂﬁﬂg 2/
N
ATy
= ¥ : - f“
where &%= X(X"‘Xj_) + 2 (X=X and n,,n, are the number
N4+ Mg —~ 2, =
of observations in samples Sl and 82 respectively.

The test is based on the following assumptions:
i) the observations in each sample are indespendent
ii} the samples show normal distribution
iii) the variability within each sample is the same {i.e.

have the same variances).
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Suppose it is desired to know whether two populations
(from which two samples arec drawn) are different. Using
t~test, the null hypothesis (Ho) can be considered, and
assuming this null hypothesis, the probability of obtaining
a value of t equal or greater than the value actually
observed can be calculated. If this probability is very
small, (c.g. p < 0.05) we can reject the null hypothesis
with reasonable safety. The probability (p) of obtaining
ot exceeding a given value of t with a partiocular sample-
size can be most conveniently obtalined from published tables.
Alternatively, an acceptable level of uuncertaianty (a
coufidence criterion) such as p < 0.05 may be chosen in
advance, and the critical value of t that would be reguired
to satisfy this criterion may be obtained from tables.

If: L observed > t tabulated, then the null hypothesis
is rejected in favour of the alternative hypothesis that
the means are different at (say) 5% significént level
(i.e. p < 0.05). However, if t obhserved < t tabulated,
then the null hypothesis is tenable and the means of the
two populations from which the two samples are drawn may
well be egqual. This implies that there may be no difference
between means of the two populations. It is important
te note that a lower significance level can be used such
as 0.0L (i.e. 1%) or 0.00L (i.e. 0.1%), instead of 5%
level, especially if the alternative hypothesis is

particularly unlikely a priori,
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The t-distribution can also be used to attach "confidence
limits" to estimates, so that at the accepted significance

level (say 5%) it can be estimated that forjﬂl - (where

2

f*l,jAZ are the means of fthe two populations from which

the samples are drawn):

- - 2 - v 2

X=Xy —Tal 1 - / A - ~ X st - ¥ /

where %fﬁzita<ni+nzhz}62\!1+%_ are the confidence limits-
Ti.l Lo, .

and 'ta(TH:FTQ-Z)Sz 4,1 the confidence interval.
Ny 1y

Student!s t~test is used to compare the means of two
samples. If more than tweo samples are available it is

unreliable to use the t-test because wheun the number of

t=~tests increases, the chance of an accidentally low p value

increases proportionally.

2, Scheffe's method of miltiple comparisons

This is a statistical method which is used to compare

simultaneously thce means of more than two samples taken

i AR

From different populations. The methed, which is based
on the same assumptions as the t-test, states that a set
of simultaneous 95% confidence intervals for the 1/2 K{ K-1)

pairs (K = number of samples to be compared) of means i

Fi=pi are given by:

%i - %5+ \[(K-1) Fo05/K~1,N-K 3 \| 6pool (£+4 )

where Zi—ﬁq is the difference of the estimated means of

the samples Si’ Sj’ respectively, and e
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2 Z(“ll :

1) & P0Q1-i' where:
N-~-K n, = number of observations

within S,
P i

61 = variance within S.

i

N = total number of observations
Foos/K~1,N-K is the 5% points of varisnce~-ratio (F)

distirubiton at (N-K) degrees of freedom

(fl) and (K-1) residual (le

So, for the actual difference of means )*i'j“j 3

(i) Zi—zj—\/(Kwi)Fo-o5/K-l]N“K X \f"zP""l(%ﬁ%f ) < pi-py and

(31} pimpd < xj-%4 +\/’K»1) FooS/K1 N-K x \/e? pool(_L+_f:3)

There are three possibilities:
1) If the first part of the inequation (i) above and the

second part of (ii) are both positive unumbers, then:

Jijﬂj > 0 or /ﬁ_>/%j and therefore the munll
hypothiesis that the two means are the same, is rejected in
favour of the alternative hypothesis that there is a
difference between the means of the two parent populations.
2) Similarly, if the first part of the ineguation (i) and
the second part of {(ii) are both negative numbers, then:

HFi-Hj < 0 and therefore Hj > 4i
In this case, as in the previous one, the null hypothesis
is rejected and it is councluded that there is evidence that
there is a significant difference between lthe means of the

corresponding samples.,




3) Either the first part of (i) is a positive number and
the second part of (ii) is a negative number, or vice versa.
In this case:

negative
number

<juitﬁﬁ<' positive number
This indicates that the differencngf?ﬁjis a small number
which may well be zero i.e.}diyj: O or s = g4

In_this case the null hypothesis is accepted and it
is concluded that there is no evidence that the means of
the samples are different.

Scheffé's method of multiple comparisons has the property
that, if (he mull hypothesis is true (i.e. alllfi are equal)
in oniy 5% of experiments will it be possible to find a padr
of means which satisfy the confidence criterion by accident
(e.g. random sampling error). Thus the 95% confidence

level applies to the experiment taken as a whole, and mot

to each pair of means taken separately.

3. Analvsis of variance

This is a statistical technique in which the total
variation of the numerical results about their mean is
subdivided into components altributable teo variations beitween
the factor(s) (i.e. the variable(s) which is believed to
affect the outcome of the experiment) and the residual
variation attributable to wvariations between individual
animals, errors of measurements etc.

The two-way analysis of variance(lWo-way ANOVA) is used
to imvestigate the effect of two differemnt factors; A and
B, each one having a number of different levels, say h and g,

respectively.
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The errors are assumed to be normally and independently

distributed, random variables with mean zero and variance

52. It can be shown that the total vairiation can be
subdivided iuto three parts; one for each of the two

factors and a third being the residual variation. Thuss

Total sum of sguares = factor A sum of squares -+ factor B

sum of squares + residual sum of sguares.

OR: SST = SSA + SSB + SSE
h & -
where SET = Z:' y%.LCjF* ¢.F. (i.e. correction factor) =
; { 1J v 2
1=1 J=1 Y/x
h 5 Y = sgm of all responses
SSA = 1 S v, ™
= = ;. Yi-C.F - .
g ]_:1 - }1— Z )EJ
.1;1
g Y- >
2 == y'
- S ; e S I
88B = L > YJ ~C. T 17 55
h 71
SSE = S5T - SSA = S5B
There are three variances:
cﬁ 2 A
5y =88A/h- 1, 6; = SSB/g - 1 , 6y = SSE / (h~1)(g-1)

Considering the null hypothesis of no difference between

the levels for facltor A, there are btwo estimates of
)

variances: 61 and q; ° If the F estimated value for

factor A(¥F = Qf/éﬁ ) is greater than the critical statistic
value ¥ {obtained from tables for F-distribution) oﬁ [(h-l),
(h—l)(g—lﬂ degrees of Ffreedom and at a certain level of
confidence (i.e. 0.95 or 0.99 or 0.999), then there is
evidence Lo reject the null hypothesis of no difference

between any levels of factor A and to accept the alternative
2

2
hypothesis of some difference. Similarly, if qg/éa_ is




greater than F critical value at thl),{h«l)(g—l) degrees of
fTreedom, then the null hypothesis is rejected again in
favour of the al ternative hypothesis.

When several replicate samples have been lested with
the same levels of factors A and B, it is also pessible
to separate the residual sum of squares furthexr into two
components: an error sum of sguares arising from differences
among replicates treated identically, and an interaction
sum of sguares arising from the dinteraction between factors
A and B. If a significant interaction is observed this
implies that the effects of A and B are not simply additive:
the effect of A is increased at particular levels of U or
vice versa. There may, for example, be synergy between
A and B, or comnversely, particular levels of one factor
may inhibi{t the effects of the other factor. The asnalysis
may be extbtended, in principle, to any wnumber of factors,
and the mathematics then become exceedingly éomplex. For
these analyses the computer programmes MINITAR and RUMMAGE

were employed, using a Northstar Advaniage computers
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