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ABSTRACT Immunohistological studies have
indicated that membrane sites binding transferrin are
present upon activated human peripheral blood
lymphocytes. In this study, we have investigated trans-
ferrin uptake in human lymphocytes exposed to phyto-
hemagglutinin (PHA), by quantitative radiobinding
and immunofluorescence in parallel. In stimulated
lymphocytes, binding was maximal after a 30-min
incubation, being greatest at 37°C, and greater at 22°C
than at 4°C. Although some shedding and endocytosis
of transferrin occurred at 22° and 37°C, these factors,
and resulting synthesis of new sites, did not affect
measurement of binding which was found to be satu-
rable, reversible, and specific for transferrin (K, 0.5-
2.5 x 108 M~!). Binding was greater after a 48-h ex-
posure to PHA than after 24 h, and was maximal at 66 h.
Sequential Scatchard analysis revealed no significant
elevation in affinity of interaction. However, although
the total number of receptors increased, the proportion
of cells in which binding of ligand was detected
immunohistologically increased in parallel, and after
appropriate correction, the cellular density of receptors
remained relatively constant throughout (60,000-
80,000 sites/cell). Increments in binding during the
culture period were thus due predominantly to ex-
pansion of a population of cells bearing receptors.
Similar differences in binding were apparent upon
comparison of cells cultured in different doses of PHA,
and in unstimulated cells binding was negligible.
Transferrin receptors appear, therefore, to be readily
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detectable only upon lymphocytes that have been
activated.

INTRODUCTION

The existence of specific receptor sites with high
affinity for radiolabeled transferrin upon immature
erythrocytes and reticulocytes is a well-recognized
phenomenon (1-3). The full range of possible bio-
logical functions of these receptor sites has not been
conclusively established. However, they appear to
play a role in the fixation of transferrin at the cell
surface as a prelude to internalization and utilization
of complexed metallic cations, particularly iron, al-
though whether endocytosis of transferrin per se is
required remains controversial (4). A number of studies
have been performed in a search for similar membrane
structures on other cells that might be anticipated
to have high metabolic requirements for cations such
as iron or zinc. Transformed cell lines such as those of
lymphoblastoid or malignant origin, which have a large
growth fraction, possess transferrin binding sites with
similar characteristics which may be demonstrated
using either radiolabeled transferrin (5, 6) or immuno-
fluorescence techniques (7). We have also recently
described evidence indicating the ability of a fetal
tissue, human syncytiotrophoblast (8, 9), and of normal
human peripheral blood lymphocytes activated by
mitogenic lectins in vitro (10) to bind human trans-
ferrin. However, although the immunohistological
procedures employed (8—10) allow assessment of the
proportion of cells participating in the transferrin
binding reaction and also permit studies of the topog-
raphy and mobility of binding sites within the mem-
brane (7, 11), they are not suitable for the accurate
measurement of the saturability and affinity of inter-
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action (11). Similarly, quantitative measurements of the
effects upon binding of transferrin after complex
formation with iron or other cations, an important
consideration in terms of receptor function (3), are not
currently practical using immunohistological methods.
These factors provide a strong stimulus for composite
studies making use of both radiobinding and immuno-
fluorescence techniques.

Such a combined approach may also assist in re-
solving certain discrepancies that have arisen con-
ceming the presence of transferrin receptor sites on
peripheral blood lymphocytes. We observed transferrin
binding by immunofluorescence only upon activated
lymphocytes; never >5% of resting or quiescent cells
bound transferrin and in most cases such unstimulated
cells were completely negative, regardless of whether
they had been cultured in the absence of mitogenic
stimulus or had been freshly obtained from peripheral
blood (10). However, in the one previous study of the
cellular binding of transferrin by normal human
lymphocytes which was performed using radio-
iodinated ligand (12), evidence of transferrin binding
was reported in nonactivated lymphocytes, and in ad-
dition membrane uptake did not appear to increase
significantly subsequent to stimulation with mitogen,
although the same lectin, phytohemagglutinin (PHA),!
was employed. In the present study, we have measured
binding of transferrin to human peripheral blood
lymphocytes by both radioisotopic and immunohisto-
logical binding assays in parallel. The results obtained
demonstrate that cellular activation is a prerequisite
for the appearance of significant transferrin binding,
and that the latter phenomenon represents a specific
interaction between this ligand and membrane re-
ceptors of high affinity.

METHODS

Human transferrin. Human transferrin containing <0.05%
ferric iron (Sigma Chemical Co., St. Louis, Mo.) gave a single
protein peak upon Sephadex G-100 gel chromatography in
0.15 M phosphate-buffered saline (PBS) pH 7.4, and a single
precipitin line upon double radial immunodiffusion against
antiserum to whole human serum (Miles Laboratories, Inc.,
Elkhart, Ind.). Polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate was performed according
to Laemmli (13). After staining with Coomassie Blue, gels
were subjected to optical density analysis in an Ortec gel
scanner (Ortec Inc., Oak Ridge, Tenn.), which confirmed that
>95% of protein occupied a peak with relative mobility
(R¢) corresponding to a molecular weight of ~78,000.

Radiolabeling of transferrin. Human transferrin was
conjugated with I by means of lactoperoxidase either in
liquid (14) or solid phase (15). The initial step involved
saturation of transferrin with iron, to prevent iodination of
iron binding sites and to reduce the risk of radiation-induced

! Abbreviations used in this paper: PBS, phosphate-
buffered saline; PHA, phytohemagglutinin; #*I-Trf, radio-
iodinated transferrin (125]).
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damage (1). Saturation was achieved by addition of 2:1
chelates of iron with nitrilotriacetic acid, or ferric ammonium
citrate, to transferrin solutions at physiological concentra-
tions (2-4 mg/ml in PBS, pH 7.4) to achieve a ratio of iron:
protein of 1.5 ug/mg, and after reaction at 22°C for 60 min,
unbound iron and chelator were removed by dialysis against
PBS. The amounts of iron added were sufficient to promote
>98% saturation, and the latter was monitored by spectro-
photometric analysis (1) and urea electrophoresis as described
by Leibman and Aisen (16).

Lactoperoxidase-catalyzed radioiodination was carried
out using various amounts (50-500 ug) of transferrin and
various quantities (500-2,000 uCi) of carrier-free '?3I as Nal
(sp act 17 Ci/mg, New England Nuclear, Boston, Mass.).
For solid-phase labeling, enzymobeads conjugated with
lactoperoxidase and glucose oxidase (Bio-Rad Laboratories,
Richmond, Calif.) were employed together with beta glucose
(15), whereas for the liquid-phase procedure, 1 ug of lacto-
peroxidase (Sigma Chemical Co.) was used with 0.003%
hydrogen peroxide and potassium iodide (KI) as described
by Marchalonis (14). Unbound %I was then removed by
desalting chromatography on Sephadex G-25, and aliquots of
the final preparations of radioiodinated transferrin (*»I-Trf)
were checked to ascertain that >95% of counts were protein-
bound as judged by 20% trichloroacetic acid (TCA) pre-
cipitation. The efficiency of incorporation of radiolabel was
~30-45% for solid-phase iodination and 70-80% for the
liquid-phase procedure and the specific activity was in both
cases 0.5-5.0 uCi/ug. The structure and functional integrity
of 25I-Trf were shown to be unaltered as assessed by sodium
dodecy! sulfate-polyacrylamide gel electrophoresis (13), thin-
layer analytical polyacrylamide gel isoelectric focusing with
print immunofixation (17-19), assays of iron-binding capacity
(16), immunohistological studies of binding to trophoblast
and transformed cells (7-10), and immunochemical studies
of antigenicity including double radial immunodiffusion and
solid-phase affinity chromatography (20).

For comparative studies of the binding of iron-saturated
transferrin and apoprotein, *I-Trf was depleted of iron by
addition of 0.3 M acetate buffer pH 5.5 containing 0.01 M
EDTA. After reaction for 1h, the resulting apoprotein was
then dialyzed to equilibrium against 0.15 M PBS, pH 7.4, to
remove Fe-EDTA chelates. Portions were retained as apopro-
tein, whereas other aliquots were then reacted with Fe:
nitrilotriacetic acid or ferric ammonium citrate as described
above to achieve the desired level of iron saturation.

Radioiodinated transferrin binding assays. The cells
examined included freshly obtained mononuclear cells, and
similar cell preparations which had been cultured in the
presence or absence of optimum amounts of PHA as pre-
viously described in detail (10). The binding reactions were
performed in 12 X 75-mm glass tubes (Fisher Scientific Co.,
Pittsburgh, Pa.) in the presence of 1% human serum albumin
(Miles Laboratories, Inc.). Unbound ligand was removed by
passage of cells through a 0.5-ml density cushion of 30%
sucrose (P = 1.125) in a 1.5-ml conical-bottom polypropylene
tube (Fisher Scientific Co.). The reaction mixture was centri-
fuged at 15,000 rpm (12,800 g) for 5 min in an Eppendorf
centrifuge, and the supernate and majority of the sucrose
cushion were aspirated. The tips of the vials containing the
cell pellet were then severed with a scalpel, transferred
to Biovials (Beckman Instruments, Inc., Fullerton, Calif.),
and examined in a gamma counter. The sucrose cushions
employed resulted in the passage of >99% mononuclear
cells into the tube tip, whereas the proportion of unbound
1251.Trf in the pellet was negligible (<0.1%). This procedure
was used for all subsequent experiments, except for immuno-
fluorescence procedures and studies of the reversibility of
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binding which required viable cells throughout; washing in
these experiments was accomplished by three cycles of ad-
dition of PBS and centrifugation at 400 g for 10 min. In each
experiment, an additional assay was run containing a 1,000-
fold excess (usually 1 mg) of unlabeled transferrin to allow
correction for binding of #I-Trf unrelated to ligand:receptor
interactions, a phenomenon usually termed nonsaturable
or “nonspecific” binding of ligand (21-23). The magnitude
of nonsaturable binding was in every case <5% of the total
counts, and was generally <1%.

Several substances were tested for their ability to block
uptake of »5I-Trf including apotransferrin preparations puri-
fied from human, bovine, rabbit, and equine serum (Miles
Laboratories, Inc.) which were shown by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis to be >90% pure, and
certain other purified serum proteins, including bovine serum
albumin, human serum albumin and immunoglobulin (Ig)G
(Miles Laboratories, Inc.). In addition alpha;-acid glycoprotein
(orosomucoid), alpha,-antitrypsin, and Gc component were
purified from normal human serum using a previously de-
scribed protocol (24, 25) which included sequential depletion
of albumin by means of affinity chromatography upon Blue-
Sepharose 6B (Pharmacia Fine Chemicals, Div. of Pharmacia
Inc., Piscataway, N. J.), and preparative column isoelectric
focusing (model 8100-1, LKB Instruments, Inc., Rockville,
Md.) performed according to Vesterberg (26). After unpacking
the focusing column, protein fractions (55 x 2 ml) were
analyzed by means of fused rocket immunoelectrophoresis
as described by Svendsen (27), using defined antisera to Gc
globulin, alpha;-antitrypsin, and alpha,-acid glycoprotein
(Meloy Laboratories, Inc., Springfield, Va.), to transferrin
(Dakopatts, Accurate Chemical & Scientific Corp., Hicksville,
N. Y, U. S. Distributor), and whole human serum. Fractions
of ascending pH, enriched respectively, in alpha;-acid
glycoprotein, alpha,-antitrypsin, and Gc globulin were then
pooled and dialyzed against 0.15 M PBS, pH 7.4, to remove
sucrose and ampholytes. To remove trace amounts of trans-
ferrin, fractions were then subjected to chromatography
using AH Sepharose 4B to which was coupled antiserum to
transferrin (20). The adsorption and removal of transferrin
was monitored by addition of a trace amount of '**I-Trf (60,000
cpm/column run). For alpha,-antitrypsin and Gc globulin, an
additional step involving ion-exchange chromatography
on DEAE-Sephacel (Pharmacia Fine Chemicals) with elution
by increasing molarity (0.00-0.25 M NaCl) was performed to
improve the purity of the final preparation. All protein
preparations to be used in studies of specificity of the trans-
ferrin-binding reaction were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (13) and iso-
electric focusing with print immunofixation (17, 18). All
these preparations were found to be >90% pure, did not
contain detectable transferrin; and none were appreciably
altered, as judged by molecular weight, the isoelectric points
of the isomers and in the case of alpha;-antitrypsin by
retention of tryptic inhibitory capacity (28).

Immunohistological transferrin binding assays. To per-
form direct comparative studies of the radiobinding assay
described in this investigation and the immunofluorescence
procedure that has been used extensively in our previous
studies (7-11), binding of transferrin was assessed in certain
experiments by radioisotopic and immunohistological means
in parallel. The latter methods have been previously de-
scribed, together with the controls and specificity checks
employed (9, 10). The protocol involved serial reaction of
the cell population under investigation with a source of
human transferrin, rabbit antiserum to human transferrin
(Dakopatts), and a fluorescein isothiocyanate labeled sheep
antiserum to rabbit immunoglobulin with three washes in
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PBS between each layer. In the present studies, cells were
reacted with 1 ug unlabeled or '*»I-conjugated transferrin
at 22°C. After the two subsequent reactions with antisera
at 4°C, one aliquot of each cell preparation was washed by
centrifugation, mounted in 50% glycerol in PBS, pH 7.4, and
examined by fluorescence microscopy (10), and the other
aliquot was centrifuged through a 30% sucrose cushion and
submitted to gamma counting.

RESULTS

Derivation of optimum conditions for radiolabeled
ligand binding assays. Assays carried out using a
wide variety of cell concentrations and reaction
volumes revealed that most reproducible results were
obtained at cell concentrations of 1-2.5 x 10?/ml, and
for the experiments reported in this study, each assay
contained 100 ul of cell suspension (1-2.5 x 108 cells)
together with appropriate quantities of '*I-Trf and
other reaction components in 0.15M PBS pH 7.4 to a
final volume of 500 ul. The optimum time of incubation
of cells with radiolabeled ligand was examined by
reaction of cells with a constant amount of **I-Trf
(200 ng) for increasing time intervals. Binding attained
a maximum within 30 min, and the profile was similar
at 4°, 22°, and 37°C; therefore a 30-min incubation
time was used for all subsequent experiments, with the
exception of studies of the reversibility of binding
(see below). Investigation of the temperature de-
pendence of »I-Trf binding was carried out by com-
parison of isotherms constructed at 4°, 22°, and 37°C,
the time of incubation with *I-Trf being 30 min
throughout. These studies showed significantly higher
binding values at 22° and 37° than at 4°C (Fig. 1 and
Table I), but it was noted that the figures obtained
when »I-Trf was added in large amounts (e.g., 1,000
ng) at 22° or 37°C were reduced in comparison with
the quantities bound when smaller amounts of ligand
(400 or 600 ng) were employed. This observation led
to the examination of several factors that might have
influenced the results obtained.

Firstly, degradation of ligand during interactions
with cells at 22° and 37°C has been shown with certain
hormones such as insulin (21, 22) to effect substantial
inaccuracies in the estimation of ligand binding. Never-
theless, results obtained in the present study by con-
current treatment of reaction supernates with 20% TCA
together with 3% bovine serum albumin as a co-
precipitating agent did not reveal any increases in
nonprecipitable counts (Table I). Secondly, we have
recently demonstrated that lateral mobility of binding
sites may occur at 22° and 37°C, culminating in some
endocytosis and shedding of bound transferrin (29).
However, although pretreatment of cells with sodium
azide, cytochalasin B, or colchicine, confirmed the
suppression of capping reactions and endocytosis
described previously (29), this was accompanied by
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FIGURE 1 Temperature dependence of !**I-transferrin
binding. Peripheral blood lymphocytes were stimulated with
10 ul PHA for 66 h, and aliquots of 2.0 x 10° cells were then
incubated at 4°, 22°, or 37°C with increasing amounts of '#5I-
transferrin for 30 min. Unbound ligand was removed by
centrifugation of cells through a 0.5-ml density cushion of
30% sucrose. After subtraction of nonsaturable binding, the
amount of transferrin bound (ng/10# cells) was uniformly greater
at 22°C (W) than at 4°C (@), and was maximal at 37°C (A).

no significant changes in quantitative binding of
3LTrf. Thirdly, the possible reappearance of mem-
brane binding sites secondary to endocytosis (29) was
examined. In other experiments, we have demon-
strated that this phenomenon required active protein
synthesis and could be blocked by cycloheximide.?

2 Galbraith, R. M., and G. M. P. Galbraith. The role of
protein, RNA and DNA synthesis in the development and
expression of transferrin binding sites on mitogen-activated
peripheral blood lymphocytes. Manuscript submitted for
publication.

In the present study, when cells were preincubated
with cycloheximide (25 pg/ml) for 30 min at 22°C
and washed twice in PBS, no significant changes in
the amount of transferrin bound could be discerned
either at 4°, or at 22° or 37°C. These findings indicated
that under the experimental conditions used, neither
ligand degradation, endocytosis and shedding, nor
receptor reappearance caused significant inaccuracies
in the estimation of binding at either 22° or 37°C. There-
fore subsequent experiments were performed at 22°C
except where indicated.

Characteristics of the transferrin binding reaction.
The binding isotherms obtained (Fig. 1 and Table I)
demonstrated that the binding reaction was saturable,
although the maximum amount of '»I-Trf bound in any
given experiment varied from 1 to 30 ng/10° cells
depending not only upon such factors as the time and
temperature of interaction (see above), but also upon
the degree of cellular activation and to a minor extent
upon iron saturation of transferrin (see below). The
affinity of binding was examined by means of com-
petitive binding experiments, the results being ex-
pressed in the form of Scatchard plots (23). A repre-
sentative example derived with cells exposed to PHA
for 66 h is shown in Fig. 2. No evidence indicating
the existence of subsets of receptors with differing
affinities (21, 22) was obtained, and in cells from five
normal subjects affinities ranged from 0.5 to 2.5 x 108
M-, The numbers of transferrin binding sites per cell
were estimated from the intercept of the abscissa to
be 60,000-80,000 sites/cell.

The specificity of the interaction between transferrin
and cell membranes was investigated by binding
experiments in which incubation with *3I-Trf (200 ng)
was preceded by reaction with increasing amounts of
the unlabeled substance under test. As illustrated in
Fig. 3, the greatest inhibition of binding of #5I-Trf

TABLE 1
Investigation of Ligand Degradation*

Amount of transferrin added, ng

Temperature 50 100 200 400 800 1,000
13].Transferrin bound, ng 4°C 2.2 3.2 4.1 3.9 3.8 3.8
TCA-precipitable cpm, % 86.7 87.9 89.0 92.1 93.3 93.9
125L-Transferrin bound, ng 22°C 6.4 11.6 15.5 20.4 19.8 15.4
TCA-precipitable cpm, % 84.8 86.0 89.9 91.8 92.9 93.5
135].Transferrin bound, ng 37°C 7.1 13.6 24.8 30.8 29.8 25.3
TCA-precipitable cpm, % 814 83.7 88.0 91.1 91.7 92.7

* Cells cultured in the presence of an optimum dose of PHA (10 ul) were harvested at 66 h and aliquots of 10®
cells reacted with increasing amounts of '*I-transferrin as indicated at 4°, 22°, or 37°C. Bound ligand was
separated from free transferrin by centrifugation of cells through 30% sucrose cushions, and the quantity of
ligand bound in each case was calculated after subtraction of nonsaturable binding. The TCA precipitability
of the counts in the reaction supernates were measured by addition to a 10-ul sample of 700 ul 20% TCA
together with 290 ul 3% bovine serum albumin as co-precipitant, and are expressed as a percentage.
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FIGURE 2 Scatchard plot of bound transferrin against the
ratio of bound to free ligand. Cells were cultured as for Fig. 1
for 66 h, and reacted (2.0 x 10%assay) in competitive binding
assays with a constant amount of ?5I-transferrin (25 ng) and
increasing amounts of cold ligand (1 pg-10 ug). Separation
of bound and unbound ligand was accomplished by passage
of cells through a 30% sucrose cushion. After correction
for nonsaturable binding the results were plotted as the
mean of duplicate determinations. The correlation coefficient
(r?) as determined by least-squares analysis was 0.97. The
affinity of association (K,) as calculated from the slope was
—1.8 x 10® M, and the average number of receptor sites as
estimated from the x intercept, Ro, after correction for the
proportion of cells positive for transferrin binding by immuno-
fluorescence (82%), was ~80,000 receptor sites/cell.

was effected by unlabeled human transferrin. Purified
rabbit transferrin also caused significant inhibition of
binding, although of lesser degree dose-for-dose, but
prior reaction with comparable amounts of bovine
transferrin whether saturated with iron or as apoprotein
did not result in any detectable reduction in binding
of BI-Trf (Fig. 3). These results are compatible with
previous immunohistological findings indicating that
transferrin present in the fetal calf serum used for
PHA cultures did not bind detectably to human pe-
ripheral blood lymphocytes (10). Similar results (data
not shown) were obtained with transferrin of equine
origin. Moreover, no interference with binding was
apparently produced by human serum albumin or
IgG (Fig. 3), or by alpha,-antitrypsin, alpha;-acid
glycoprotein, Gc globulin, or bovine serum albumin
(results not shown). The reversibility of transferrin
binding was investigated after incubation of activated
cells at 22°C for 30 min with 200 ng '**I-Trf by washing
with PBS, addition of increasing quantities of un-
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FIGURE 3 Specificity of binding. Cells exposed to PHA for
66 h were reacted in aliquots of 2.5 x 10 with varying
quantities of preparations of human (@), rabbit (M), and bovine
(*) transferrin, IgG (A), and human serum albumin (x), for 30
min at 22°C, washed three times with PBS (400 g for 10 min),
and then incubated in the normal fashion with a constant
quantity (200 ng) of *5I-transferrin for a further 30 min at 22°C.
Bound and unbound ligand were separated by centrifugation
of cells through 30% sucrose cushions (12,800 g for 5 min),
and after correction for nonsaturable binding, results were
expressed as the percentage of transferrin bound in relation
to figures obtained with cells undergoing initial reaction with
PBS. Equine transferrin, alpha;-acid glycoprotein, alpha,-
antitrypsin, and Gce globulin also failed to induce significant
reduction of transferrin binding, and for clarity have not been
included in this figure.

labeled transferrin, and further incubation for various
periods of time. Such incubation with a large excess
of cold ligand (1 mg) demonstrated that cell-bound
counts were reduced by >50% within 30 min of
secondary incubation, and when this incubation time
was kept constant, reversibility was observed with as
little as 100 ng unlabeled transferrin (Fig. 4). As antici-
pated, displacement of »I-Trf by cold ligand occurred
more rapidly when secondary incubation was per-
formed at 37° than at 22°C.

Relationship between transferrin binding and
cellular activation. This was investigated by com-
parison of binding isotherms in cells exposed to dif-
ferent doses of PHA for 66 h, or in cultures stimulated
with a constant amount of lectin but for various time
periods. In dose-response studies, negligible binding
was observed in the absence of PHA or at suboptimal
concentrations (1 ug/culture), but at higher doses of
lectin cellular uptake increased progressively, being
maximal in cultures containing 10 and 25 ul PHA.
Moreover, a close relationship was found to exist
between binding of '*I-Trf, the amount of PHA in
culture, and extent of activation as judged by uptake
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FIGURE 4 Reversibility of binding. Cells stimulated with
PHA for 66 h were reacted in aliquots of 2.2 x 10® with a
constant quantity of '*I-transferrin (200 ng) for 30 min at 22°C,
washed three times in PBS with centrifugation at 400 g for
10 min, and then incubated for a further 30 min at 22°C with
varying amounts of cold ligand. Displaced '**I-transferrin was
removed by passage of cells through a 30% sucrose cushion
and reversibility was expressed as the percentage transferrin
remaining bound in comparison with control cells exposed
to PBS during the secondary reaction.

of [*H]thymidine (Table II). Negligible amounts of
1251 Trf were taken up by freshly obtained noncultured
cells, <0.25 ng being bound per 10% cells even after
incubation in the presence of 2 ug *I-ligand. In time-
course experiments, a typical isotherm profile was ob-
tained at 24 h of culture with further progressive in-
creases in binding of ®I-Trf at 48 and 66 h for each
amount of radiolabeled ligand employed. As with the
dose-response studies, these time-course binding
curves again revealed a close association between

[*Hlthymidine uptake as a parameter of cellular
activation and quantitative transferrin binding (data
not shown).

Sequential changes in receptors during exposure to
PHA. The progressive augmentation in transferrin
binding demonstrated as a function of the amount of
PHA employed, or the length of exposure to this
lectin, was investigated by immunohistological ex-
amination of cells to determine sequential changes in
the proportion binding »1-Trf, and by parallel Scatch-
ard plots to assess temporal alterations in affinity and
average number of receptor sites per cell. Upon im-
munofluorescent examination of cells cultured for 24,
48, and 66 h, the proportion positive for transferrin
increased (Fig. 5) in a manner comparable to the degree
of augmentation of **I-Trf binding over the same range
of concentrations (100-1,000 ng). Scatchard plots
derived from these experiments, however, demon-
strated no significant increase in K, and in some cases,
the values obtained at 48 or 66 h were slightly lower
than at 24 h (Table III). Moreover, although the
intercept on the abscissa indicated a progressive in-
crease in the average number of receptor sites per
cell, this conclusion fails to take into account the
progressively larger proportions of cells demonstrated
immunohistologically to be binding transferrin at 48
and 66 h. Thus, after appropriate correction, the
average number of receptors per cell actually remained
relatively constant throughout the culture period
(Table III).

Effects of iron saturation upon transferrin binding.
Binding curves were performed with »I-apoprotein
and '*5[-iron saturated transferrin using cells stimulated
with PHA for 66 h. Upon comparison of the isotherms
obtained, binding was found to be slightly but con-
sistently higher for iron-saturated ligand than for
apoprotein (Fig. 6).

TABLE 11
Relationship between Uptake of [*H IThymidine, Binding of '*I-Transferrin, and Proportion
of Cells Positive for Transferrin Fluorescence as a Function of Amount of PHA*

Amount of PHA added, u/

0 1 5 10 25
[*H]Thymidine uptake, cpm 460 4,532 30,532 61,892 52,413
135].Transferrin binding, cpm 790 930 6,080 11,300 9,700
Proportion binding transferrin, % 0 8 58 85 81

* Cells were cultured in the presence of different amounts of PHA for 66 h, and pulsed with [*H]}-
thymidine for the terminal 18 h of culture. *I-Transferrin binding assays were performed as in
Table I, except that cells were incubated in each case with 200 ng *I-transferrin at 22°C, and
immunohistological examination of cells for transferrin binding was undertaken by sequential
reaction of cells with **I-transferrin, rabbit anti-transferrin, and fluorescein isothiocyanate-labeled

sheep anti-rabbit Ig.
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FIGURE 5 Sequential change in the proportion of cells
positive for transferrin binding by immunofluorescence. Pe-
ripheral blood mononuclear cells were exposed to PHA for
24, 48, and 66 h, harvested and serially reacted with '*I-
transferrin (1,000 ng), rabbit anti-human transferrin, and
fluorescein isothiocyanate sheep anti-rabbit Ig with inter-
vening washes. The progressive increase in the percentage
positive for transferrin fluorescence from 5% at 24 h (a) to
36% at 48 h (b), and to 90% at 66 h (¢) is clearly seen upon
comparison of the appearances obtained upon white light
microscopy (left) and fluorescein isothiocyanate fluores-
cence excitation (right). Note correspondence between
fluorescence and blastoid appearances. x500.

DISCUSSION

This study demonstrated that interactions between
transferrin and membrane binding sites on activated
human peripheral blood lymphocytes are of high
affinity and specificity, and display saturability and
reversibility. These findings therefore satisfy the major
criteria required for designation of ligand-binding

Mitogen-activated Lymphocytes Develop Specific Transferrin Receptors

structures as specific receptors (30, 31). Transferrin
binding as assessed immunohistologically is also
characteristic of immature erythrocytes and reticulo-
cytes (4), human trophoblast (8, 9), and lymphoblastoid
and other transformed cells (7). That such binding does
indeed involve high affinity receptors for transferrin
has been demonstrated by investigations using radio-
binding assays in these tissues (1-6, 32, 33), and it is
notable that the affinity constant, K,, obtained in
activated normal human lymphocytes in the present
study was very similar to those reported in the majority
of those other tissues for which information is currently
available (2, 5, 33). The final criterion frequently
applied in the definition of hormonal receptors, namely
tissue specificity in relation to physiological role, was
not addressed in the present investigation. Binding of
transferrin is likely to be a first step in the provision
of iron and possibly other complexed metallic cations
to cells in metabolic need (1-4). Indeed the addition
of human transferrin to in vitro cultures of stimulated
lymphocytes has been found to be associated with
increased DNA synthesis (34, 35), whereas transferrin
of bovine origin, which does not bind in detectable
amounts (10), does not stimulate comparable metabolic
effects (35). However, the precise consequences of
cellular interactions with transferrin have not yet been
fully explored, and it remains to be determined if
specific  receptors upon activated lymphocytes are
necessarily consistent with tissue specificity in relation
to biological activities.

The binding of radiolabeled transferrin to normal
human peripheral blood lymphocytes has previously
been examined by Phillips (12), although data was
only presented for unstimulated cells. Direct com-
parison of these findings with our own shows both
obvious similarities and important differences. For
example, the K, recorded by Phillips (12) is similar
to the affinity of transferrin receptors in the present
study. However, it was indicated that under optimal
conditions (37°C for 30 min), a maximum of approxi-
mately 9.4 ng zinc-transferrin was bound per 10° cells

-(12), whereas maximal binding of iron-transferrin in the

present study under similar experimental conditions
was much higher (25-30 ng/10% cells) even upon
exposure to amounts of *’I-ligand almost three orders
of magnitude lower (nanograms as compared to micro-
grams). It is difficult to ascribe these discrepancies to
methodological differences such as in the method of
radioiodination, since the specific activity of 1%’I-trans-
ferrin (0.13-1.3 uCi/ug) was comparable to that ob-
tained in the present study, and no evidence of sub-
stantial physicochemical alteration was apparently
observed (12). Similarly, in both studies, allowance
was made for nonsaturable binding of transferrin and
care was taken to exclude counts bound to the assay
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TABLE III
Sequential Changes in Transferrin Receptors
on Lymphocytes during Exposure to PHA*

Exposure to PHA, h

24 48 66
Positive by immunofluorescence, % 5.0 36 90
5] Transferrin bound, ng 1.2 7.0 9.6
Association constant, K,, M~! x 108 4.3 2.6 1.5
Number of receptors per cell 4,108% 25,5341 64,9901
82,154§ 70,928§ 72,208§

* Cells cultured as in Table I and harvested at 24, 48, or 66 h. The table shows the
proportion of cells at each point positive for transferrin fluorescence determined
as in Table II. The amount of '»I-Trf bound (nanograms) upon reaction with 400 ng
at 22°C, and studies of affinity and receptor density as calculated by Scatchard
analysis (23), were determined as outlined in Table I.

t Uncorrected.

§ Corrected for proportion of cells positive for transferrin binding.

tubes. It is possible that the use of zinc-transferrin
(12) rather than iron-saturated ligand may in part
explain the large differences in binding obtained, but,
comparison of '*I-apoprotein binding shows even
greater divergence between the two studies. In fact
binding of apoprotein in Phillips’ study more closely
approximates to that observed in the present investiga-
tion in unstimulated lymphocytes. Thus, although
Phillips stated that treatment of lymphocytes with PHA
did not alter binding of zinc transferrin (12), these

»
(-3
1

Transfervin  bound (n(/lo‘ cells)

' '}
800 1000
Transferrin added (ng)

A 'S
0-25 100 200 400 600

FIGURE 6 Comparative binding of '*I-apotransferrin and
25]-iron-saturated ligand. Cells optimally stimulated with
PHA were harvested at 66 h and reacted (2.1 x 10% cells/
assay) with increasing amounts of 'I-ligand, either as
apoprotein (@) or iron-saturated (M). After removal of unbound
transferrin by centrifugation of cells through 30% sucrose
cushions (12,800 g X 5 min), allowance was again made for
nonsaturable binding using an excess of cold apotransferrin
and cold iron-saturated ligand, respectively.
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observations raise the possibility that the much lower
figures obtained might represent binding to the very
small proportion of cells bearing receptors (5%), which
we have sometimes observed before activation (10).

The use of radiobinding and immunohistological
assays in parallel offers certain advantages. For ex-
ample, with immunofluorescence procedures, it is
possible to check rapidly that !»I-Trf remains in
native form and can still bind comparably to receptor
sites after radioiodination. Secondly, in the case of
the decrease in binding of *°I-Trf observed in certain
instances at the upper end of binding isotherms per-
formed at 22°r 37°C (e.g. Fig. 1), this phenomenon
was not only found to be unrelated to ligand degrada-
tion, but was also shown by parallel immunohisto-
logical studies to be independent of the lateral mobility,
shedding, endocytosis and receptor reappearance
which characterize transferrin receptors upon occupa-
tion by ligand at 22° or 37°C (29). Thirdly, the specificity
and reversibility of transferrin:receptor interactions
can be investigated in parallel by immunofluorescence
(9, 10). Finally, knowledge of the actual proportion
of cells binding transferrin may be an important adjunct
to competitive binding studies involving Scatchard
analysis (23) because the raw data obtained for number
of receptors/cell can be corrected to yield a more
accurate figure. This point was evident in studies of
transferrin binding in relation to length of exposure to
PHA (Table III) in which progressive increases in
binding of transferrin appeared to be due in large part
to the continued appearance of cells bearing a rela-
tively constant number of transferrin receptors. Thus,
such immunohistological experiments indicate that
not all cells necessarily bound ligand, and also pro-
vide a simple method for applying an appropriate
correction.

R. M. Galbraith, P. Werner, P. Arnaud, and G. M. P. Galbraith
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