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onset was 9.0 /umol/1, the total iron-binding capacity 39.4�

/umol/1 and the percent saturation 14. In contrast, comparable�

figures at the end of the study were 14.1 ^umol/1, 44.9 ^umol/1�

and 31 percent respectively.

12.3.2.2 Active pulmonary tuberculosis
The patients with tuberculosis were followed weekly for 11�

weeks. During this period there was a steady and progressive�

drop in each of the measurements (Figure 26). The plasma �

lactoferrin was initially about 5 times normal and by the end of�

the study was within the normal range. At the onset, plasma�

ferritin and C-reactive protein were approximately 8 to 10 times�

normal, while final values were within or just above the normal�

range. Changes in plasma iron and total iron-binding capacity�

were unremarkable, with a modest but sustained decrease in each.�

This pattern was apparent when mean values over the first two�

weeks were compared with the last two observations. At the�

onset, the plasma iron was 13.3 ^umol/1, the total iron-binding�

capacity 39.9 ^umol/1, and the saturation 32 percent, while final�

values were 11.3 ^umol/1, 43.3 ^umol/1 and 26 percent�

respectively.

12.3.2.3 Rheumatoid arthritis
Plasma lactoferrin concentrations were only mildly raised�

and did not alter throughout the 20 weeks of observation (Figure�

27). On the other hand, C-reactive protein concentrations were�

about 8 times normal prior to the commencement of gold therapy.
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Thereafter they declined steadily, so that by the end of the�

study they were within normal limits. A similar pattern of�

decline was noted insofar as plasma ferritin concentrations were�

concerned. Although initial concentrations were only within the�

high normal range they dropped steadily and at the end of the�

observation period the values were compatible with iron�

deficiency. The presence of concomitant iron deficiency was also�

suggested by the changes in the plasma iron and iron-binding�

capacity. The mean plasma iron concentration during the first�

month was 7.5 j umo1/ 1, the total iron-binding capacity was 50.1�

yumol/l and the percentage saturation 15.
During the period of treatment there was a steady rise in�

the total iron-binding capacity so that it had risen to 64.4�

/Umol/1 by the last month. The mean plasma iron was little�

changed (6.6 yumol/1) but the percentage saturation had fallen to�

10. The fact that mean haemoglobin concentration at the start of�

the study was 11.9 (+_ 0.73) g/dl and remained constant throughout�

the study to end at 11.5 (_+ 0.91) g/dl indicates that the fall in�

ferritin concentrations was not simply due to a deviation of�

storage iron into haemoglobin.

12.3.2.4 Neutropenic sepsis�

Plasma concentrations�

were approximately 10 times�

suppression and neutropenic�

throughout the period of�

subsidence of the infection

of C-reactive protein and ferritin�

normal in patients with bone marrow�

sepsis and remained at these levels�

infection (Figure 28). With the�

the C-reactive protein concentration
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(Stahl and Schwartz, 1986). It was to be hoped that with receptor 
cloning and sequencing, a common factor might have been 
identified in different receptors which could act as a signal for 
receptor mediated endocytosis. In fact, four such receptors have 
now been cloned and sequenced. They include the receptors for 
epidermal growth factor (Ullrich et al. 1984), transferrin, low 
density l i p o p r o t e i n  (Russell et al. 1984) and 
asialoglycoproteins. However, no features common to all of them 
have been identified (May and Cuatrecasas, 1985).

Transferrin binding to a receptor is not the only stimulus 
which induces internalisation of the transferrin receptor. It is 
also stimulated by the presence of monoclonal antibodies to the 
transferrin receptor (McArdle and Morgan, 1984). In addition, 
incubation of cells with phorbol esters which are structurally 
unrelated to transferrin induces internalisation of the 
transferrin receptor, even in the absence of ligand (May et al. 
1984; 1985). These esters are thought to act by stimulating the 
production of calcium-dependent protein kinase C, which leads to 
phosphorylation of the transferrin receptor. It is, however not 
clear whether phosphorylation of the receptor is the mechanism 
responsible for stimulating endocytosis. Receptor mediated 
endocytosis of transferrin iron is reduced by inhibitors of 
protein kinases, such as phenothiazines and tricyclic 
antidepressants (Hebbert and Morgan, 1985; Hunt and Marshal 1- 
Carlson, 1986). These agents, which also exhibit anti-calmodulin 
activity, are, however, not specific, (Hebbert and Morgan, 1985). 
There are also data to show that the immunopurified transferrin 
receptor may possess intrinsic protein kinase activity (Johnstone
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There are a number of ways in which the endocytic cycle of 
transferrin can be disturbed. Weak bases (eg. chloroquine, 
ammonium chloride and methylamine) diffuse across membranes into 
cells in their uncharged, lipid soluble forms. They accumulate 
in endocytic vesicles and by becoming protonated, buffer the 
endocytic vesicle against acidification (Wileman et al. 1985). 
These weak bases have been demonstrated to inhibit iron delivery 
to cells, almost certainly by preventing endosomal acidification 
(Harding and Stahl, 1983; Paterson et al. 1984). In addition, 
inhibitors of energy metabolism have also been demonstrated to 
limit endosomal acidification and hence iron delivery to cells 
(Kailis and Morgan, 1974). Such a metabolic inhibitor is 2,4 
dinitro-pheno1 (2,4 DNP). These metabolic inhibitors seem to
affect iron delivery more than diferric transferrin 
internalisation, which is surprising, since the stripping of 
clathrin from the endocytosed vesicle appears to be an energy 
dependent process. Proton ionophores such as monensin dissipate 
pH gradients between cell compartments and, as a result, inhibit 
iron delivery (Stein et al. 1984). Their action is, however, a 
little more complex, since they also alter cellular ionic 
gradients (Wileman et al. 1985) and thereby inhibit transferrin 
recycling (Stein et al. 1984). Thus, the iron delivery to the 
cell after initial endocytosis appears to relate to energy 
dependent acidification of the endocytic vesicle and possibly 
also to other ionic fluxes across the endocytic vesicle membrane.
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There are data to show that the cell surface expression of 
transferrin receptor is not constant throughout the cell growth 
cycle. Fluorescent activated cell sorting techniques have 
demonstrated that the surface expression of immunoreactive 
transferrin receptors is maximal during the S, G 2 and M phases of 
the cell cycle (Seligman, 1983), which suggests that transferrin 
or iron or both are required after the phase of the cycle and 
that they are involved in the process of cell division. When 
monoclonal antibodies to the transferrin receptors are added to 
cell cultures, cell growth is arrested in the S (Trowbridge and 
Lopez, 1982) or the G2 and M phases (Trowbridge et al. 1982). The 
phase at which arrest occurs appears to depend on the specific 
antibody.

It has been postulated that the transferrin receptor may 
play a part in host defence against neoplasia. The fact that 
there are so many transferrin receptors on rapidly proliferating 
and malignant cells initially raised the possibility that they 
might serve as a targetting mechanism for natural killer (NK) 
cells (Vodinelich et al. 1983; Baines et al. 1983). Evidence 
supporting this postulate included the inhibitory effect of 
diferric transferrin on NK cell killing, (Baines et al. 1983), 
the association between the extent of tumour cell expression of 
transferrin receptors and the degree of NK cell killing 
(Vodinelich et al. 1983) and, finally, the inhibition of NK cell 
killing by the addition of immunopurified transferrin receptors 
(Vodinelich et al. 1983). The finding that pre-incubation of NK
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pre 4 3. Scatchard analysis of the binding of diferric �

transferrin to 7 day human macrophages at pH 7.4 (Kd�
1.3 x 10"8M).
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Figure 44. Binding of apotransferrin (o-- o) and diferric
transferrin (•--•) to 7 day human macrophages at pH
� .� .
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source is iron released from catabolised red cells.
While apotransferrin receptors were not found at pH 7.4, 

specific apotransferrin binding was demonstrable at pH 6.0. This 
pattern of apotransferrin binding is not confined to 
reticuloendothelial cells but has previously been demonstrated 
using reticulocytes (Morgan, 1983; Harding and Stahl, 1983), 
hepatoma cell lines (Dautry-Varsat et al. 198 3) and K562 cells 
(Klausner et al. 1983). On this basis, a model has been proposed 
for the delivery of transferrin iron to cells (Wileman et al. 
1985). Diferric transferrin is bound to surface receptors which 
are then internalised. Acidification of the endocytic vesicle 
leads to the release of the iron but the affinity of the 
apotransferrin for its receptor remains high at the acidic pH 
within the vesicle. As a result, it does not dissociate and thus 
escapes digestion. When the apotransferrin receptor complex 
reaches the surface of the cell it is exposed to the 
physiological pH and dissociation occurs. In this way the 
receptor is made available again for further transferrin iron 
uptake.

Calculated figures for the number of diferric and 
apotransferrin receptors at pH 6.0 were 2 x 10 and between 6 x 
10^ and 3 x 10^ respectively. The values for apotransferrin 
receptors are similar to those documented on hepatoma cell lines 
at acid pH (Dautry-Varsat et al. 1983). The reason why there 
appeared to be more diferric than apotransferrin receptors was 
not clear but raises the possibility of other mechanisms for the 
binding of diferric transferrin to reticuloendothelial cells.
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Cultured animal and human macrophages take up transferrin 
iron (MacDonald et al. 1969; MacSween and Macdonald, 1969; 
Summers and Jacobs, 1976; Wyllie, 1977; Sizemore and Basset, 
1984) and there is evidence that this occurs by a process of 
receptor mediated endocytosis similar to that occurring with 
erythroid and a number of other cellular types (Chapter 15). 
There is also experimental in vitro evidence in animals that 
transferrin iron uptake by macrophages is enhanced in the 
presence of inflammation (Macdonald et al. 1969; Birgegard and 
Caro, 1984). In the present study, in vitro experiments were 
carried out on cultured human macrophages in order to obtain 
further insight into the increased transferrin iron uptake that 
has been noted to occur in inflammatory states.

17.2 MATERIALS AND METHODS

Blood monocytes were collected from 3 patients with 
inflammatory disorders and from 3 normal subjects. The former 
group included one with active sero-positive rheumatoid arthritis 
and a marked systemic disorder and 2 others with untreated and 
active pulmonary tuberculosis. Monocytes from each of the 
patients with inflammation were cultured in parallel with 
monocytes from an ABO matched normal subject. After 4 days of 
culture in 10% autologous serum, each subject's macrophages were 
separated into 2 equal numbers of Petri dishes. The medium was
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are 47. Time dependent mean (+ SEM) uptake of transferrin and
of iron by cultured macrophages from a normal subject
and from a patient with active pulmonary tuberculosis�

in the presence of normal and tuberculotic serum.
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measured for periods varying between 5 and 240 minutes. The�

uptake of transferrin and iron by normal cells was uniformly�

increased by mean figures of 44.3% and 42.6% respectively in the�

presence of inflammatory serum. In contrast, normal serum�

decreased the uptake of transferrin and iron by inflammatory�

macrophages, with mean reductions of 26.4% and 27.2%�

respectively. The reason for the serum induced increase in�

transferrin receptor expression in inflammation is not clear but�

may relate to macrophage differentiation. Heat inactivation of�

this serum factor in inflammation by heating to 70°C for 30�

minutes is in keeping with this factor being IL-1.
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uptake pathway has recently been described. It involves the�

interaction of desialated transferrin (particularly the�

triantenary form) with non-specific asia1oprotein receptors on�

hepatocyte surfaces (Young et al. 1983; Dekker et al. 1985;�

Regoeczi and Koj , 1985; Tavassoli et al. 198 6). These receptors�

have specificity for the galactosyl residues which are exposed�

when sialic acid is stripped from glycoproteins. To understand�

the possible significance of these receptors it is necessary to�

discuss briefly some technical problems related to the culture of�

hepatocytes. In 1984 it was claimed that hepatocytes do not, in�

fact, exhibit normal transferrin receptors and that those which�

had been previously reported were an artefact of impure�

hepatocyte preparations, with significant contamination by�

endothelial cells and Kupffer cells (Soda and Tavassoli, 1984).�

In their preparation of pure hepatocytes, these workers used�

collagenase and they later showed that it was stripping receptors�

off hepatocyte membranes. While these transferrin receptors�

recovered if the cells were left in culture prior to study�

(Kishimoto and Tavassoli, 1986), they had a relatively low�

affinity (Kd 0.7 x 10-7M) and were relatively few in number (4.4�
x 104 per hepatocyte). In contrast, hepatic endothelium was found

6� 6� 7� �to have similar affinity for transferrin (Kd 1.9 x 10 ), but a
manyfold greater number of receptors (1.8 x 10 ) (Kishimoto and�

Tavassoli, 1986). In addition, hepatic endothelium was shown to�

possess the ability to transport endocytosed transferrin from the�

vascular lumen to the hepatocyte side of the endothelium. In the�

process the transferrin was desialated (Tavassoli et al. 1986).�

On the basis of these findings it was suggested that a fourth
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The methods used for cell culture, splitting of cultures,�

plating out cells, cell binding studies, quantitating cells,�

radioactive counting and data analysis have been outlined in the�

methods chapter of Section 3 (Chapter 14). In addition, the�

preparation of labelled diferric transferrin has also been�

described in that chapter.
In this section the preparation of desialated diferric�

transferrin will be briefly described. Two ml of a 6mg per ml�

solution of apotransferrin was incubated for 18 hours with 80/ul�

of an insoluble neuraminidase (neuraminidase complexed with�

agarose) (Sigma, St Louis, Missouri, USA) at 37°C (Morgan et al.�

1967). The solution was agitated throughout the incubation. At�

the end of this period aliquots were subjected to polyacrylamide�

gel electrophoresis and isoelectric focussing in polyacrylamide�

gels in order to confirm the production of altered transferrin.�

The results of such an electrophoretic study are shown in Figure�

48. The desialated transferrin thus obtained was doubly labelled�

with 125I and ^9Fe as outlined in Chapter 14. The diferric nature�

of the desialated doubly labelled transferrin was confirmed on 6M�

urea polyacrylamide gel electrophoresis as outlined in Chapter�

14.

18.3 RESULTS

Dose dependent studies with doubly labelled diferric
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Figure 49. Dose dependent diferric transferrin binding over a 
low concentration range of 0-80pmol/ml. Total binding 
(•), irreversible binding in the presence of a 100-fold 
excess of cold ligand (o) and specific binding (a ) are 
shown. The Scatchard analysis revealed a receptor 
number per hepatocyte of 1.9 x 10^ with a Kd of 1.5 x 
10~®M. Number of cells per Petri dish = 4.9 x 10“*.
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iron was retained in the hepatoma cells whilst transferrin was 
returned to the extracellular environment at 37°C was confirmed 
in conventional chase experiments. In these experiments 60 pmol 
of doubly labelled diferric transferrin was added to each Petri 
dish. After 3 hours of incubation the medium was removed, the 
adherent cells were washed twice in transferrin free media and 
lml of medium containing 60 pmol of cold diferric transferrin was

I O C  C Qreplaced. Cell associated transferrin and iron Fe) were
then followed in a time dependent fashion. An example of such a 
chase experiment is shown in Figure 52. It can be seen that while 
the iron which had been taken up by the hepatoma cells remained 
at a constant level, there was a fairly rapid decline in the 
transferrin. These findings are compatible with recycling of the 
transferrin molecule.

The effect of the weak base ammonium chloride on transferrin 
and iron uptake by hepatoma cells was next assessed. In these 
studies 20mM NH^Cl was included in the medium in which the 
binding studies were conducted. Seventeen pmol of doubly labelled 
diferric transferrin were employed in these studies, which were 
conducted in a time dependent fashion. A representative example 
is shown in Figure 53. It can be clearly seen that ammonium 
chloride decreased transferrin binding but had an even greater 
effect on iron uptake. As a result, there was virtually no 
progressive increase of the molar ratio of iron to transferrin. 
The effect of the microtubular inhibitor, vincristine, on 
diferric transferrin uptake by hepatoma cells was measured in
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both dose and time dependent studies. An example of a dose 
dependent study is shown in Figure 54. It can be seen that there 
was a modest yet significant decline in both transferrin binding 
and iron uptake by hepatoma cells at relatively low 
concentrations of the vinca alkaloid. The dose response curve 
thereafter became very flat. Both transferrin binding and iron 
uptake were reduced proportionately so that the molar ratio of 
iron to transferrin was little affected. This was confirmed in 
time dependent studies in which vincristine (5/ug/ml) was 
included in each Petri dish. A modest time dependent reduction in 
both transferrin and iron uptake was evident. Since these 
reductions were proportional the molar ratio of iron to 
transferrin remained unaffected (Figure 55).

The binding of desialated transferrin to human PLC/PRF 5 
hepatoma cells was evaluated in the next series of experiments. 
There was progressive, non-saturable, total binding of desialated 
diferric transferrin to these cells. When the incubation took 
place in the presence of a 100-fold excess of cold normal 
diferric transferrin, the binding of the labelled desialated 
transferrin was almost completely displaced. This finding 
suggests that the desialated transferrin binding to human 
hepatoma ceils was occurring almost completely via normal 
transferrin receptors and not via asialo-glycoprotein receptors. 
The results are shown in Figure 56. Scatchard analysis revealed
9.3 x 105 receptors per cell with a Kd of 7 x 10-8M. With time 
dependent uptake studies there was progressive uptake of iron and 
an increase in the molar ratio of iron to transferrin comparable









to that found with normal transferrin.
The fate of internali sed diferric transferrin iron after a 48

C  Qhour incubation with Fe labelled diferric transferrin was 
assessed in a final experiment. This was done by preparing 
cellular lysates and passing them through an AcA 44 ultrogel 
sizing column (see Chapter 14). The pellet obtained after 
centrifugation (membrane fraction) contained on average 24% of 
the ^ F e  counts. The remaining 76% was present in the cytosolic 
supernatant. After 48 hours only 33% of the iron in the cytosol 
was in ferritin, 31% was still bound to transferrin and 21% of 
the iron was present in a low molecular weight pool (Figure 57).

18.4 DISCUSSION

This study has demonstrated that at low concentrations of
transferrin, cultured human hepatoma cells of the PLC/PRF 5 line
have 1.9 x 10^ transferrin receptors per cell. Since these
studies were conducted at 37°C the transferrin uptake represents
a composite picture of cell surface receptors and intracellular
receptors in transit. Ciechanover and colleagues (1983), who
studied the human hepatoma line Hep G 2, showed that each cell
had 5 x 10^ functional surface transferrin binding sites and 10 x
10^ intracellular transferrin binding sites. This adds up to a
total number of transferrin receptors of 1.5 x 10^ which is in
remarkably close agreement with the numbers found on the PLC/PRF

— 85 cell. The Kd as measured in the current study was 1.5 x 10 M. 
Over a wider concentration of transferrin there was a suggestion
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TABLE 18 Transferrin binding, iron uptake and the molar ratio of 
iron to transferrin as a function of the incubating 
concentration of transferrin. Incubation was conducted 
for four hours. The number of cells per Petri dish was 
4.2 x 105.

Incubating 
concentration 
of transferrin 
(pmol/ml)

Transferrin 
binding 
(pmol)

Iron 
uptake 
(pmol)

Molar ratio 
of iron to 
transferrin

16.25 0.051 0.362 7.1
24.38 0.053 0.284 5.3
63.38 0.089 0.603 6.8
94.25 0.100 0.711 7.1
125.13 0.110 0.771 7.0
186.88 0.111 0.814 7.3
312.00 0.133 0.896 7.4
625.63 0.159 1.374 8.6
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This study has delineated, in part at least, the nature of 
transferrin-iron-cell interactions as they relate to the cultured 
PLC/PRF 5 human hepatocellular carcinoma cell. Specific 
transferrin receptors were identified on these cells. There were
1.9 x 105 receptors per PLC/PRF 5 hepatoma cell with a Kd of 1.5

— ftx 10 M. At higher concentrations of transferrin, binding was not 
completely saturable. There was progressive near linear 
incorporation and concentration of iron in hepatoma cells when 
incubated with diferric transferrin. Transferrin and iron uptake 
were temperature dependent. Chase experiments confirmed that 
transferrin was being recycled. The lysosomotropic agent, NH^Cl, 
appeared to inhibit partially iron unloading from transferrin. 
The microtubular inhibiting vinca alkaloid, vincristine, had a 
modest inhibitory effect on transferrin and iron uptake. 
Desialated transferrin appeared to be associated via transferrin 
receptors rather than via asialoprotein receptors. Approximately 
one third of the internalised cytosolic iron was found in 
ferritin, another one third still bound to transferrin, and a 
fifth was present in a small molecular weight compartment.
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