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ABSTRACT

We have studied the role of transferrin and the transferrin receptor in
the uptake of "Ga by the human leukemic cell line HL60. In the absence
of transit-mil, HL60 cells incorporated about 1% of the 67Ga dose over
6 h. The presence of transferrin increased cellular 67Ga uptake approxi
mately 10-fold. Transferrin-mediated uptake of t7Ga was blocked by an

anti-transferrin receptor monoclonal antibody, and decreases in the den

sity of cellular transferrin receptors led to corresponding decreases in the
transferrin-dependent uptake of 47Ga. Changes in the cellular ferritin
content did not significantly influence the uptake of t7Ga by either

transferrin-independent or transferrin-dependent pathways. Regardless
of the mechanism of uptake, a significant amount of intracellular <7Ga

was found to be associated with immunoprecipitable ferritin as well as
with a free pool. This free intracellular (7Ga appeared to be kinetically
active since cells released 67Ga back to the media over time. Our results

demonstrate the existence of a dual mechanism for the cellular uptake of
67Ga and suggest that the preferential uptake of '7Ga by lymphomas is

related to the high density of transferrin receptors known to be expressed
by these tumors in vivo.

INTRODUCTION

The discovery that radioactive gallium (67Ga) could be used

to localize malignant tumors in vivo has led to considerable
interest in the mechanisms involved in the uptake of 67Ga by
malignant cells. While it is generally agreed that " (Â¡abinds

avidly to transferrin, the serum iron transport protein, the exact
role this binding plays in the cellular uptake and intracellular
localization of gallium is still unclear. Early studies have dem
onstrated that the uptake of 67Ga by cultured murine tumor

cells can be significantly stimulated by the addition of exoge
nous transferrin to the tissue culture media (1). In contrast, a
decrease in 67Ga uptake by certain tumor cells has been seen

following the addition of transferrin to the incubation media
(2). More recent studies have suggested that the uptake of 67Ga
and 59Feby EMT-6 sarcoma cells occurs via a common cellular
receptor-mediated pathway, i.e., the transferrin receptor (3).
However, other studies have failed to demonstrate a direct
correlation between transferrin receptor expression and 67Ga

uptake in different cell lines (4). Hence, it is apparent that the
mechanisms involved in the uptake of 67Ga by tumor cells have

not as yet been fully elucidated.
In addition to its binding to transferrin, gallium shares other

properties with iron in that it also binds to lactoferrin (5) and
can be incorporated into ferritin, the iron storage protein (6).
Although 67Ga has been associated with intracellular ferritin

following its uptake by rabbit hepatocytes in vivo (7), it is
unclear whether this large molecular weight iron storage protein
plays a role in the regulation of 67Ga uptake by cells.

In order to better understand the mechanisms involved in the
CT'Â»ilar uptake and intracellular localization of 67Ga we have
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utilized a serum-free culture system to study the uptake of 67Ga

by the human leukemic cell line HL60. Studies have been
performed both in the presence and absence of transferrin and
under conditions that alter cellular transferrin receptor density
and cellular ferritin content. An anti-transferrin receptor mono
clonal antibody has been used to examine the role of the
transferrin receptor in the uptake of 67Ga by these cells. Addi
tionally, we have compared the distribution of 67Ga between
different cellular compartments following transferrin-depend
ent and transferrin-independent uptake of 67Ga by these cells.

MATERIALS AND METHODS

Human transferrin (substantially iron free), Triton X-100, Sephacryl
S200, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, phenyl-
methylsulfonyl fluoride, and hemin were purchased from Sigma Chem
ical Co. (St. Louis, MO). Rabbit antiserum to human spleen ferritin
was generously provided by Dr. Paul Seligman and was further purified
using Affi-Gel protein A (Bio-Rad, Richmond, CA). Goat antibody to
rabbit -y-globulin was obtained from Calbiochem (San Diego, CA).
Sodium [125I]iodide,''Feda, and 67Ga citrate were obtained from New

England Nuclear (Boston, MA), Amersham (Arlington Heights, IL),
and Mediphysics (Richmond, CA), respectively. Saturation of transfer
rin with iron and iodination of iron-transferrin were performed as

previously described (8). Monoclonal antibody 42/6 to the human
transferrin receptor was generously provided by Dr. Ian Trowbridge.

Tissue Culture. The human promyelocytic leukemic HL60 cell line
was obtained from American Type Culture Collection (Rockville, MD)
and cells were maintained in RPMI 1640 media containing 10% fetal
calf serum with 200 units/ml of penicillin and 0.2 mg/ml of strepto
mycin (regular media).

'7Ga Uptake Studies. HL60 cells in log growth phase in regular
media were harvested, washed twice with PBS3 at room temperature
and then incubated in 15 ml of PBS for 20 min at 37'C. Cells were
then cooled to 4Â°C,washed once more, and resuspended in ice-cold
serum-free RPMI 1640 media. This 37Â°Cpreincubation step was per

formed to deplete cells of receptor-bound bovine transferrin from the
media. Using an immunoassay for transferrin we have found that these
steps effectively deplete cells of surface-bound and intracellular trans
ferrin. Aliquots of cell suspension containing 1 x IO6cells were trans
ferred to 12 x 75-mm Falcon tubes at 4Â°Cin an ice-water bath, and

transferrin was added to the tubes in concentrations ranging from 0-
100 Mg/ml. 67Ga citrate (0.5 /iCi) was added to each tube and the total
incubation volume was made up to 500 >Â¡\with ice-cold serum-free
media. The tubes were then transferred to a 7% CO2 incubator, and
incubation was continued for 6-24-h at 37Â°C.In similar studies 5 /Â¿gof

an anti-human transferrin receptor monoclonal antibody 42/6 were
also added at the start of the experiment to cells incubated with
transferrin and 67Ga. At the end of the incubation, the cells were

transferred to 15 nil conical centrifuge tubes and washed twice with
ice-cold PBS, and the cell pellets were counted for radioactivity using
an 1KB Compugamma gamma counter.

Modulation of Cellular Transferrin Receptor Density and I25l-Trans-

ferrin Binding Studies. To study the effect of varying cell surface
iranst'crrin receptor number on 67Ga uptake, HL60 cells were first

grown for 48 h in regular media alone or in regular media containing
10 or 1(10/iM hemin. Cells were then harvested, washed free of hemin-
containing media, and used for 6-h 67Ga uptake studies as described

3The abbreviations used are: PBS, phosphate-buffered saline; BSA, bovine

serum albumin.
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above. Incubation of cells with humin has been shown to result in a
decrease in cellular transferrin receptor density (9, 10). Cell surface
transferrin receptors were measured on aliquots of cells from the three
cell populations (i.e.. cells grown in regular media, or media containing
10 or 100 Â¿IMhuinin) using an 125I-transferrin binding assay as previ

ously described (8, 11). Binding studies were performed on intact cells,
and all incubations were carried out at 4Â°Cfor 4 h. Maximal 125I-

transferrin binding to cells was determined according to the method of
Scatchard(12).

Measurement of Cellular Ferritin Content. Aliquots of cells used for
the 67Ga uptake studies were assayed for cellular ferritin content using

a double antibody radioimmunoassay from Amersham. Cells were first
washed in PBS containing 0.1% BSA and were resuspended at a
concentration of 2-3 x 10' cells/ml in the same buffer containing 0.1 %
Triton X-100. Cells were then disrupted by sonication and allowed to
sit overnight at 4Â°C.Cellular debris was removed by centrifugation at

10,000 x g in a Beckman J2-21M centrifuge, and the solubilized
cytoplasmic supernatant was assayed for ferritin. The ferritin content/
Id" cells was determined.

Intracellular Distribution of 67Ga. HL60 cells were incubated with
67Ga for 6, 24, or 48 h in serum-free media with or without transferrin.
Cells were then washed free of unbound 67Ga, and cell lysates were

prepared as described for the ferritin assay except that the buffer used
was 0.16 M 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid pH 7,
containing 2 mM phenylmethylsulfonyl fluoride and 0.1% Triton X-
100. The cell lysates were centrifuged at 10,000 x g for 30 min, and
the solubilized cytoplasmic supernatant was then applied to a Sephacryl
S200 1.5 x 30-cm column and was eluted with the same buffer. Frac
tions (2-ml) were collected and counted for radioactivity. The Sephacryl
column was calibrated using molecular weight standards obtained from
Sigma.

Ferritin Immunoprecipitation Studies. The large molecular weight
(>200,000) 67Garadioactivity fractions from the Sephacryl chromatog-

raphy studies were immunoprecipitated using purified rabbit anti-hu
man ferritin antibody. The specificity of our antibody was first exam
ined by determining the maximum amount of 59Fe-ferritin that could
be immunoprecipitated following the cellular uptake of 59Fe(>95% of
5*Fe taken up by HL60 cells is incorporated into ferritin). In these

experiments, cell numbers, incubation conditions, and Sephacryl frac
tionation of cytoplasmic contents were identical to those of the 67Ga

uptake studies described above except that instead of being incubated
with 67Ga cells were allowed to incorporate trace amounts of 59Fe (3
ng/ml; specific activity, 100 Â¿iCi/7Â¿tgFe) as 59Fe-transferrin. Since

experimental conditions were similar, it was assumed that cells incor
porating either isotope contained comparable amounts of ferritin. Of
the 59Feradioactivity present in the single large molecular weight 59Fe

fraction obtained on gel filtration, 60% could be immunoprecipitated
using 10 )il of ani i-turrit in antibody (as described below). Increases in

the amount of antibody did not increase the amount of specific Â¡ninni
noprecipitable "Fe-ferritin; and hence, 60% of the radioactivity present
in the peak ferritin-containing fraction was taken to represent the
maximum immunoprecipitable (100%) 59Fe-ferritin. The data from the
"Ga-ferritin immunoprecipitation studies were normalized with respect
to this. Ferritin present in the peak 67Ga radioactivity fractions was

immunoprecipitated by incubating aliquots with 10 n\ of rabbit anti-
human ferritin antibody or with control rabbit -y-globulin (nonimmune)
at 37'C for l h in a final incubation volume of 300 /Â¿Icontaining 0.1 %

BSA. A total of 200 n\ of goat antibody to rabbit 7-globulin was added
to each tube, and the incubation was continued at room temperature
for an additional 3 h. Samples were then centrifuged (10,000 x g for
30 min) and the precipitate was counted in a gamma counter. To
determine the amount of specific 67Ga associated with immunoprecip

itable ferritin, the cpm nonspecifically precipitated with nonimmune
rabbit gamma globulin (â€¢!(>'<of the total radioactivity in the sample)

were subtracted from the cpm precipitated with specific anti-ferritin
antibody.

Cellular Release of Incorporated 67Ga. To determine the ability of
HL60 cells to retain incorporated 67Ga, cells (1 x 106/ml) were first
incubated with 67Ga for 24 h at 37Â°Cin serum-free media with or

without transferrin (25 Mg/ml). Cells were then harvested, washed twice

in ice-cold serum-free media, and resuspended at their original concen
tration in corresponding fresh media without 67Ga. Incubation of these
cells was continued at 37Â°Cin a CO2 incubator. Aliquots containing 1-
2x10* cells were removed after 1,2,4,6, and 24 h and were centrifuged
at 1000 x g for 10 min. The percentage of cell-associated 67Ga was

then determined by counting the radioactivity present in the pellet and
supernatant.

RESULTS

67Ga Uptake by HL60 Cells in the Presence or Absence of

Transferrin and Anti-transferrin Receptor Monoclonal Antibody.
As shown in Fig. 1, the uptake of 67Ga by cells over a 6-h period

in the absence of transferrin was slightly less than 1% of the
total 67Ga dose. Although the amount of cell-associated 67Ga

was low in the absence of transferrin, it could not be further
decreased by multiple washes of the cells, thereby indicating
that 67Ga was tightly bound to the cells. Incubation of cells with
increasing concentrations of 67Ga citrate resulted in a corre

sponding linear increase in the transferrin-independent uptake
of 67Ga (Fig. 2). To confirm that 67Ga did indeed bind to cells
in the absence of transferrin, the binding of 67Ga to cell mem

branes was examined. Cells were sonicated and incubated with
67Ga for 6 h (in the absence of transferrin) under conditions
similar to those of 67Ga uptake by intact cells. Disruption of

cells was confirmed by light microscopy. At the end of the
incubation the tubes were centrifuged and the radioactivity in
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Fig. 1. Uptake of 67Ga by HL60 cells. Cells were incubated for 6 h at 37'C
with transferrin (0-100 pg/ml) (â€¢)or with transferrin plus 5 jig of anti-transferrin
receptor monoclonal antibody 42/6 (â€¢).Points, mean of three experiments with
less than 10% variation between experiments.
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Fig. 2. Transferrin-independent uptake of 67Ga by HL60 cells. Cells were
incubated for 6 h at 37"C in serum-free, transferrin-free media with increasing
amounts of 67Ga citrate. A representative experiment is shown. Four separate

experiments produced similar results.
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the membrane pellet was counted. Background binding of 67Ga

to tubes containing only incubation media (no cells) was sub
tracted from the cpm in the membrane pellet to determine the
amount of membrane-bound 67Ga. Of the 558,000 67Ga cpm
incubated with the cell membranes (IO6 cells), 14,100 cpm

(mean of three separate experiments performed in duplicate,
with <5% variation in results) were specifically associated with
the membrane pellet. Hence, 2.5% of the added 67Ga dose was

bound to cell membranes, thereby confirming the binding of
67Ga to cells in the absence of transferrin. With the addition of

increasing concentrations of transferrin to the incubation me
dia, 67Ga uptake by cells increased markedly (Fig. 1); however,

concentrations of transferrin greater than 25 Â¿Â¿g/mlactually
resulted in a further decrease in 67Ga uptake by cells. This
decrease in 67Ga uptake observed with the addition of higher

concentrations of transferrin appeared to be the result of com
petitive inhibition of 67Ga-transferrin binding to cells by excess
transferrin. By increasing the number of cells from 1 x 106/rnl
to 2 x 106/ml in the experiment, higher concentrations of
transferrin (50-100 ng/m\) no longer decreased 67Ga uptake by

cells (data not shown), thereby suggesting that the amount of
transferrin required for maximum uptake of 67Ga was depend

ent upon the number of cells present in the experiment. Fig. 3
shows that both the transferrin-dependent and transferrin-in-
dependent uptake of 67Ga increased proportionally over time.
The 10-fold expanded scale shown for the transferrin-independ-
ent 67Ga uptake indicates that at all points the uptake of 67Ga
by this pathway was about 10% of that seen with transferrin-
mediated uptake. Therefore, although transferrin significantly
enhanced the cellular uptake of 67Ga, approximately 10% of

the radioactivity incorporated in the presence of transferrin
may have been through the transferrin-independent mechanism.

The effect of the anti-transferrin receptor monoclonal anti
body 42/6 on 67Ga uptake by HL60 cells is also shown in Fig.
1. The 42/6 antibody has been shown to prevent the internal-
ization of cell surface transferrin receptors and thus block the
cellular uptake of iron-transferrin (13). The transferrin-en-
hanced uptake of 67Ga by cells was almost completely inhibited

by the presence of this antibody thereby indicating that the
uptake of 67Ga in the presence of transferrin involves the
formation of 67Ga-transferrin complexes with subsequent bind
ing and uptake of 67Ga-transferrin via cell surface transferrin

receptors.
Effect of Cellular Transferrin Receptor Density on 67Ga Up

take by Cells. To study the relationship between transferrin
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Fig. 3. Cellular uptake of 67Gaover time. HL60 cells were incubated in serum-
free media alone (â€¢)or in serum-free media containing 25 fig/ml of transferrin
(â€¢).The uptake of "Ga in the absence of transferrin is also shown on a 10-fold

expanded scale (x).

receptor number and the cellular uptake of 67Ga, we examined
the uptake of 67Ga by cells expressing different densities of
transferrin receptors. Prior to the 67Ga uptake studies, cells

were grown in the presence of 10 or 100 MMhemin in order to
down-regulate their transferrin receptor number. Incubation of
cells with hemin has been shown to increase intracellular iron
and to result in a decrease in transferrin receptor density (9,
10). Fig. 4 shows the results of 67Ga uptake over a 6-h period

by these cells in the presence or absence of transferrin. Pro
gressive decreases in the density of cellular transferrin receptors
induced by hemin led to corresponding decreases in the trans
ferrin-dependent uptake of 67Ga without affecting the transfer
rin-independent uptake of 67Ga. In this experiment cell surface
transferrin-binding sites were measured at the start of the 67Ga

uptake. Since we have previously shown that HL60 cells do not
alter their cell surface transferrin receptor density during the
first 6 h of plating in fresh media (11), it was assumed that cells
maintained a constant state of receptor expression during the
6-h 67Ga uptake.

67Ga has been associated with intracellular ferritin in various

animal systems. We therefore measured the ferritin content of
HL60 cells to determine whether intracellular ferritin content
could influence 67Ga uptake. Cells grown in regular media and

media containing 10 or 100 MMhemin contained 87 Â±7.1, 291
Â±52.9, and 1910 Â±140 ng of ferritin/IO6 cells, respectively

(mean Â±SD of three experiments). These differences in ferritin
content undoubtedly reflect differences in the amount of iron
supplied to cells by hemin. Cells with the highest ferritin content
(100 MMhemin) had the lowest density of transferrin receptors
and correspondingly had the lowest transferrin-mediated 67Ga

uptake (Fig. 4). Additionally, increases in the cellular ferritin
content over a 20-fold range did not influence the transferrin-
independent uptake of 67Ga. Hence it appears that cellular

ferritin concentration does not play a major role in either

10
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Transferrinbinding sitesx 104/cell

Fig. 4. Effect of cell surface irun sterrili receptor density on the cellular uptake
of 67Ga. Cellular transferâ„¢ receptor number was decreased by growing cells in
media containing 10 and 100 ^M hemin as described in "Materials and Methods."

Cells grown in regular media and 10 and 100 *<Mhemin displayed progressive
decreases in their cell surface transferrin-binding sites and contained 87 Â±7.1,
291 Â±52.9, and 1910 Â±140 ng of ferritin/106 cells, respectively. "Ga uptake
studies (6-h) were then performed on the three separate cell populations displaying
different densities of cell surface transferrin receptors (as assayed by |'"I]trans-
ferrin binding). A 6-h "Ga uptake in the presence of 25 pg/ml of transferrin (â€¢)
or in the absence of transferrin (â€¢)is shown. Transferrin binding sites shown on
the horizontal axis represent cell surface transferrin receptor density at the start
of "Ga uptake by cells (see text). Points, mean of six "Ga uptake studies; bars,

SD. Three separate experiments produced similar data.
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transferrin-dependent or transferrin-independent uptake of
67Ga and that the transferrin-mediated uptake of 67Ga is regu

lated by the density of cellular transferrin receptors per se in
populations of cells displaying this receptor.

Comparison of the Intracellular Distribution of 67Ga following
Transferrin-dependent or Transferrin-independent Uptake. Since
it appeared that a small but consistent amount of 67Ga was

incorporated by cells even in the absence of transferrin, we
sought to determine whether 67Ga taken up by either transfer
rin-dependent or -independent mechanisms would localize in
similar intracellular compartments. Gel filtration of the solu-
bilized cytoplasm from the above 67Ga uptake studies revealed
three distinct fractions of 67Ga radioactivity (Fig. 5). The ma
jority of intracellular 67Ga was found to be present in the first

large molecular weight (>200,000) fraction corresponding to
the void volume of the Sephacryl column. The third 67Ga-

containing fraction, comprising approximately 30% of the in
tracellular 67Ga, corresponded to the peak elution point of free
(non-protein bound) 67Ga. In addition, a second, minor 67Ga

peak was noted which corresponded to a molecular weight of
< 12,500 (Fig. 5, Fraction 19). Further studies to characterize
this low molecular weight 67Ga-binding component are in prog
ress. Although transferrin markedly enhanced the internaliza-
tion of 67Ga by cells, no significant differences were seen in the
intracellular distribution of 67Ga (elution profile on gel chro-
matography) following its uptake by either transferrin-depend
ent or transferrin-independent mechanisms. Likewise, similar
gel filtration elution profiles were seen in the 6-, 24-, or 48-h
67Ga uptake studies.

Immunoprecipitation studies for ferritin revealed that ap
proximately 40% (40.5 Â±4.4%, mean Â±SD of three experi
ments) of the 67Ga radioactivity present in the large molecular

weight fraction obtained on gel filtration could be maximally
immunoprecipitated using anti-human spleen ferritin antibody.
Although our inability to immunoprecipitate a greater amount
of 67Ga may reflect limitations in the capacity of our first
antibody (anti-ferritin) to bind the total amount of ferritin
present in the sample, changes in the concentration of the
sample through a 50-fold range did not increase the yield
of maximally immunoprecipitable 67Ga-ferritin. Likewise,
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Fig. 5. Intracellular distribution of "Ga. Solubilized cytoplasmic fraction
obtained after cellular 'da uptake studies was applied to a Sephacryl S200 1.5 x
30-cm column and 2 ml fractions were collected. Aliquots from the large molec
ular weight fraction (>200,000, Fraction 9) were immunoprecipitated for ferritin,
as described under "Materials and Methods." Figure shows the elution profile
obtained following a 6-h >7Ga uptake by cells in the presence of 25 Â«jg/mlof
transferrin (A) or in the absence of transferrin (B). Although the gel filtration
profiles shown in A and B can he directly compared, the absolute cpm on the
vertical axis reflect the total amount of radioactivity applied to the column in
each experiment and therefore should not be directly compared. The gel nitration
profiles shown are representative of four to six separate experiments.

changes in incubation conditions (temperature and time), con
centration of the second antibody, or use of Staph A-goat anti-
rabbit conjugated Sepharose or polyethylene glycol in the sec
ond step of the immunoprecipitation procedure did not increase
the amount of 67Ga precipitated with ferritin. It is possible,
therefore, that a significant portion of the 67Ga present in the

large molecular weight fraction is also associated with another
large molecular weight subcellular component or with an iso-
ferritin not recognized by our antibody. Further studies to
identify these components are planned. The above studies there
fore demonstrate that HL60 cells can incorporate 67Ga by
transferrin receptor-dependent and transferrin-independent
mechanisms and that 67Ga incorporated into the cytoplasm by

either pathway is localized in similar compartments.
Cellular Release of 67Ga. Since our studies of the uptake and

intracellular distribution of 67Ga indicated the presence of a
"free" intracellular 67Ga pool, we sought to determine whether
this intracellular 67Ga was kinetically active and could be re
leased from cells. Following a 24-h uptake of 67Ga, cells were
washed free of unbound 67Ga and reincubated in fresh media
without 67Ga. Fig. 6 shows that over the subsequent 24 h cells
progressively released 67Ga to the media. The release of 67Ga

by cells appeared to be most rapid during the first 6 h. Beyond
this time point, cells released only slightly more radioactivity.
After 24 h, cells reincubated in media containing transferrin
had released approximately 50% of their radioactivity, whereas
cells reincubated in media without transferrin had released
about 65% of their radioactivity. Release of 67Ga beyond this

time point could not be accurately assessed because further
incubation in serum-free, transferrin-free media resulted in a
marked decrease in cell viability. At the 6-h time point an
aliquot of cells was removed, and the intracellular distribution
of 67Ga was examined by gel filtration. In both transferrin-
dependent and transferrin-independent systems, the relative
distribution of 67Ga between the intracellular large molecular
weight fraction and free pool after 6 h of 67Ga release was
similar to that seen before cells were allowed to release 67Ga to
the media (data not shown). These results suggest that the 67Ga

present in intracellular ferritin and that present in the free
intracellular pool are freely exchangeable so that no compart
ment is preferentially depleted of 67Ga during the release of
67Ga from cells.

DISCUSSION

In this paper we have shown that two mechanisms exist for
the uptake of 67Ga by HL60 cells: a transferrin receptor-de
pendent and a transferrin-independent pathway. Our studies
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Fig. 6. Release of "Ga from HL60 cells. Following a 24-h uptake of "Ga by
cells, cells were washed, replated, and allowed to release "Ga to the media as
described under "Materials and Methods." Figure shows the release of "da in

the presence of 25 <ig/ml of transferrin (â€¢)or in the absence of transferrin (O).
Points, mean of three experiments; oars, SD.
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indicate that, although both mechanisms are capable of deliv
ering 67Ga to similar intracellular compartments, it is the trans-

ferrin receptor pathway that is of primary importance in the
incorporation of 67Ga into the cytoplasm of cells displaying this

receptor. The early studies of Harris and Sephton have dem
onstrated that the uptake of 67Ga by malignant murine cell lines

can be enhanced by the addition of transferrin to the tissue
culture media (1). Transferrin has been shown to form stable
complexes with both 67Ga (14) and nonradioactive gallium (15,

16), and it would appear logical to assume that the cellular
uptake of 67Ga-transferrin is mediated by cellular transferrin

receptors. However, Vallabhajosula et al. have found that trans
ferrin decreases the uptake of 67Ga by LI210 cells (2), and
others have been unable to correlate 67Ga uptake with cellular

transferrin receptor expression (4). Our studies clearly demon
strate a progressive increase in the cellular uptake of 67Ga

following the addition of transferrin up to concentrations of 25
Mg/106 cells/ml. These results are therefore consistent with the

findings of Harris and Sephton and others.
To better define the role of the transferrin receptor in the

cellular uptake of 67Ga, we performed competitive inhibition
studies using the anti-transferrin receptor monoclonal antibody
42/6 and demonstrated that it effectively blocked the transfer-
rin-mediated cellular uptake of 67Ga without affecting transfer-
rin-independent 67Ga uptake. Additionally, decraases in the

density of cellular transferrin receptors resulted in correspond
ing decreases in the transferrin-dependent uptake of 67Ga.

These studies indicate that the transferrin receptor, when ex
pressed by cells, plays an important role in the cellular uptake
of this isotope. Our results obtained using an anti-transferrin
receptor monoclonal antibody thus support the initial studies
of Larson et a/., which suggested the existence of a common
transferrin receptor pathway for the uptake of 67Ga and 59Feby
EMT-6 tumor cells (3). In tumors such as lymphomas, which
are known to express high densities of transferrin receptors in
vivo (17), the uptake of 67Ga preferentially occurs via the

transferrin receptor pathway. We have recently shown that
transferrin-gallium inhibits cellular iron incorporation and can
thus block the proliferation of HL60 cells and can inhibit
hemoglobin production by Friend erythroleukemia cells (18,
19). This suggests that the antineoplastic activity of gallium
against lymphomas is related, at least in part, to transferrin
receptor expression by these cells and to inhibition of cellular
iron incorporation by transferrin-gallium complexes formed in
vivo. Indeed, high-grade lymphomas (which display the highest
density of transferrin receptors) are the lymphomas most sen
sitive to treatment with gallium (20). In tissues not expressing
the transferrin receptor, the uptake of 67Ga is undoubtedly by a
transferrin-independent mechanism. Although this transferrin-
independent mechanism appears trivial (slightly less than 1%
of the added 67Ga dose), it was equivalent to close to 10% of
the 67Ga uptake seen in the presence of transferrin over time.
It should be appreciated, however, that this ratio between 67Ga

uptake by either pathway is not a constant one since changes
in the density of cell surface transferrin receptors lead to direct
changes in the transferrin-mediated uptake of 67Ga without

affecting the transferrin-independent uptake of gallium. Fig. 4
illustrates this point: in cells that have the least number of
transferrin-binding sites the transferrin-independent uptake of
67Ga is as high as 30% ofthat seen in the presence of transferrin.

Conversely, in cells that display even higher densities of trans
ferrin receptors than those shown in Fig. 4 the transferrin-
independent uptake of gallium would be expected to be consid
erably less than the 10% of transferrin-mediated uptake shown

in our studies. In light of the ongoing trials of gallium nitrate
as a chemotherapeutic agent (21), the transferrin-independent
uptake of gallium may be of clinical significance. In recent
preliminary studies we have found that gallium nitrate inhibits
the proliferation of HL60 cells that have been adapted to grow
in serum-free, transferrin-free media. Gallium is obviously
being incorporated into these cells through a transferrin-inde
pendent pathway, and further studies of this mechanism of
uptake will be important in better understanding the antineo
plastic activity of this metal.

Regardless of the mechanism (transferrin-dependent or -in
dependent) of 67Ga incorporation into the cell cytoplasm, a
significant proportion of intracellular 67Ga was found to be

associated with the iron storage protein ferritin. Although in
tracellular ferritin concentration was varied over a 20-fold range
by incubation of cells with hemin, increases in the ferritin
content did not increase either transferrin-dependent or trans
ferrin-independent uptake of 67Ga. Hence, ferritin does not
appear to play a regulatory role in the uptake of 67Ga by cells
but does appear to be an important intracellular 67Ga-binding
protein. The steps involved in the transfer of 67Ga from trans

ferrin to ferritin have not been elucidated fully as yet; however,
the equilibrium dialysis studies of Weiner et al. suggest that
ATP can act as a potent mediator in the translocation of 67Ga
from transferrin to ferritin (6). 67Ga has also been reported to

bind to intracellular components other than ferritin. The studies
of DeSales et al. have demonstrated the association of 67Ga
with a 45,000-molecular weight glycoprotein in rat hepatoma
(22), and other investigators have reported localization of 67Ga
with lactoferrin in Hodgkin's disease and Burkitt's lymphoma

(23). Our results suggest that, in addition to binding to ferritin,
67Ga may also bind to other intracellular components in HL60

cells. Studies are in progress to identify these macromolecules.
Although gallium and iron appear to share common steps in

their initial uptake by cells, subsequent cellular handling of the
two metals appears to be different. It is known that following
the internalization of iron-iransterrin by cells, iron is retained
by the cell and is bound to ferritin and other intracellular
components, while intracellular transferrin recycles back to the
cell surface as the apo (iron-free) form (24). Hence, very little
iron is released by cells. We found that in contrast to iron, a
significant amount of 67Ga taken up by cells was released back
to the media. This 67Ga did not appear to be selectively released
from intracellular ferritin or from the intracellular free 67Ga
pool since the relative distribution of 67Ga between these com
partments remained unchanged throughout the 67Ga release
process. This would suggest that intracellular 67Ga is freely

exchangeable between these compartments.
In conclusion, by using HL60 cells as a model, we have

demonstrated the existence of a dual mechanism for the uptakeof ''"CÃ¬aby cells and have further elucidated the important

regulatory role played by the transferrin receptor in the uptake
of 67Ga by cells expressing this receptor. These studies provide

further evidence of the sharing of a common transport pathway
by gallium and iron. Since gallium nitrate (NSC 15200) is
currently undergoing clinical evaluation as a chemotherapeutic
agent, a better understanding of factors involved in the uptake
and intracellular localization of gallium by malignant cells may
lead to rational use of this metal in the treatment of certain
malignancies.
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