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Abstract

Transferrin (Tf) is a growth factor that transports iron in plasma.

It is essential for proliferation of activated T lymphocytes. Pre-
vious studies have suggested that peripheral blood cells are ca-

pable of synthesizing Tf. Using in situ hybridization techniques
and human Tf complementary DNAsas probes, peripheral blood
cells have been examined for sites of Tf messenger RNA(mRNA)
transcription. The studies described here demonstrate that Tf is
synthesized by a specific subset of T lymphocytes, the T4+ in-
ducer subset. T lymphocyte proliferation is dependent upon the
presence of both interleukin 2 (IL-2) and Tf, even though resting
cells do not possess receptors for either. The present studies
indicate that during T cell activation, induction of IL-2 mRNA
transcription and IL-2 receptor expression precede the tran-
scription of Tf mRNAand expression of Tf receptors, respec-

tively. These events in turn precede the initiation of DNAsyn-
thesis. Transferrin and its receptor appear to be involved in an

autocrine pathway which is functionally linked to the IL-2/IL-
2 receptor autocrine loop.

Introduction

Transferrin (Tf),' the major iron-transporting protein in plasma
(1), is a glycoprotein with a molecular weight of 79,500 daltons
(2). It transports ferric iron from the intestine, reticuloendothelial
system, and liver parenchymal cells to all proliferating cells in
the body (3). The liver is the major site of Tf synthesis (1, 3).
Tf is a growth factor required for proliferating normal and ma-

lignant cells (4-8); it is an essential component of defined me-

dium used for growth of lymphocytes in vitro. Tf enters cells by
receptor-mediated endocytosis (9). After iron is released into an

intracellular acidic compartment, apotransferrin is returned to
the extracellular environment and recycled many times (8, 9).
Therefore, it has been difficult to differentiate endogenous from
exogenous Tf within cells by conventional immunologic tech-
niques.
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1. Abbreviations used in this paper: CLB, cell lysis buffer; E+, T-
enriched sheep erythrocyte; E-, T-depleted sheep erythrocyte; EBV-BCL,
Epstein-Barr virus-transformed B cell line; FCS, fetal calf serum; FGA-
MIg, fluoresceinated goat anti-mouse immunoglobulin; IL-1, IL-2, in-
terleukins 1 and 2; MAb, monoclonal antibody; PAGE, polyacrylamide
gel electrophoresis; PBMC, peripheral blood monoclonal cell; PHA,
phytohemagglutinin; SSC, standard saline citrate; TdR, thymidine; Tf,
transferrin.

Our laboratory has recently cloned, characterized, and chro-
mosomally mapped the coding sequence of the human Tf gene
(10). Utilization of Tf complementary DNA (cDNA) and a
modification of in situ hybridization (1 1, 12) has provided the
opportunity for identifying transcription of transferrin. This
technique has facilitated detection of Tf messenger RNA
(mRNA) in heterogeneous populations of cells where cellular
extracts may not contain sufficient levels of Tf mRNAfor de-
tection by conventional cDNA-mRNAhybridization on filter
blots.

The expansion of clones of lymphocytes is an essential feature
of the immune response. T lymphocyte proliferation is controlled
by a series of premitotic signals generated by interactions of
growth factors and their membrane receptors. WhenT cells are
activated by mitogenic lectins, antigens, or antibodies against
the antigen receptor complex, the series of events known to lead
to DNAsynthesis and cell proliferation include the expression
of the receptor for interleukin 2 (IL-2) (T cell growth factor) (13,
14), IL-2 production (15, 16), and Tf receptor expression (17-
19). In T lymphocyte activation, IL-2 production and IL-2 re-
ceptor expression are induced prior to Tf receptor induction.
The expression of Tf receptors is, in the presence of Tf, required
for DNAsynthesis and cell division. Therefore, the role of IL-
2 in the stimulation of T lymphocyte proliferation appears to
be due, in part, to induction of Tf receptors (18, 20).

IL-2 is produced primarily by a subset of T lymphocytes
bearing the cell surface molecule recognized by the monoclonal
antibody OKT4(T4+) (21, 22). The T4' subset has been labeled
the "inducer" subset, because a major role of these cells is to
activate other lymphocytes (i.e., cytotoxic T cells, suppressor T
cells, and B cells). This inductive process is mediated by direct
cellular communication and by the secretion of a number of
other lymphokines. Independent studies suggested that human
peripheral blood mononuclear cells (PBMCs) synthesized Tf(23),
and that Tf was localized in the T cell compartment (24). In the
studies reported here, the role of Tf mRNAexpression in cellular
proliferation of mitogen-stimulated and antigen-activated T
lymphocytes was examined. Specifically, the relationship of Tf
synthesis and Tf receptor expression to the autocrine pathway
involving IL-2 and its receptor in T cell proliferation was in-
vestigated.

Methods

Cell preparation. Human PBMCswere obtained by Ficoll-Hypaque
(Sigma Chemical Co., St. Louis, MO) separation of heparinized venous
blood drawn from healthy volunteers (25). Blood was diluted twofold
with Hanks' balanced salt solution (HBSS), underlaid with Ficoll-Hy-
paque, and centrifuged at room temperature for 30 min. Interface cells
were removed, washed three times in HBSS, and counted. T cell-enriched
and/or T cell-depleted fractions were isolated as follows (26). PBMCs
(1-2 X 10'/ml) were added to an equal volume of 5% sheep red blood
cells (El). 20% E-absorbed fetal calf serum (FCS) was added (vol/vol).
Cells were pelleted and allowed to stand 1-2 h at 4°C, then gently re-
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suspended and centrifuged over Ficoll-Hypaque. Interface cells were E-
(non-rosette-forming, T-depleted). Pelleted cells were E+ (T-enriched).
Contaminating red blood cells were lysed in buffered NH4Cl solution.
The recovered E- cells were essentially 100% E-; E+ cells were
90-95% E+.

For macrophage/monocyte depletion, PBMCswere resuspended at
a concentration of 5 X 106/ml in RPMI 1640 (Gibco, Grand Island,
NY) containing 10%heat-inactivated fetal bovine serum (FCS), 2 X 10-3
Mglutamine, 3 X 10-5 M2-mercaptoethanol, 12 mMHepes, and 1%
penicillin/streptomycin (complete media). 5 ml of this suspension was
placed on Falcon 100 X 15-mm plastic petri dishes and incubated for 1
h at 370C in 5%C02/95% air. At the end of 1 h, the nonadherent cells
were carefully removed and reincubated on a fresh petri dish as above.
This was repeated two to three times until surface marker analysis using
monoclonal antibody OKM1(Ortho Pharmaceutical, Raritan, NJ) re-
vealed <1% monocytes in preparations used.

Isolation of Tcell subsets. To obtain negatively selected T cell subsets,
PBMCsor E+ cells were incubated for 30 min at 40C with monoclonal
antibody (MAb) OKT8(Ortho Pharmaceutical) (1 Mgantibody/ 1O6 cells)
and with rabbit serum as a source of complement (C) (Cedar Lane Lab-
oratories) for 45 min at 370C; this was repeated (27). The T cells remaining
were highly enriched in T4' cells (E'T8- cells). Conversely, T8' cells
were prepared by treating E+ cells with MAbOKT4plus C' (Ortho Phar-
maceutical) (28). After two rounds of antibody and complement treat-
ment, PBMCswere >98%depleted of the appropriate cells as judged by
indirect immunofluorescence and flow cytometry.

Positively selected T cell subsets (T4', T8+) were obtained by staining
PB3MCswith 1 Mg of the appropriate antibody per 106 cells. Cells were
washed and counterstained with fluorescein-conjugated goat antibodies
to mouse immunoglobulins. Stained cells were electronically sorted using
a modified FACSIV instrument (Becton, Dickinson & Co., B-D FACS
Systems, Sunnyvale, CA). The Epstein-Barr virus-transformed B cell line
(EBV-BCL) were derived by incubating E- cells with supernates of the
B95-8 virus-producing cell line (29) and cultured in RPMI containing
20% FCS.

In situ hybridization. Cells were collected and deposited on pretreated
glass slides (12) at a concentration of 2-4 X 104 cells/slide with a Shandon
cytocentrifuge (Shandon Southern Instruments, Inc., Sewickley, PA).
Slides were fixed with phosphate-buffered glutaraldehyde (2-3%), pH
7.0, for 3-5 min, rinsed with distilled water and allowed to air dry. After
a 30-min treatment at 70°C in 300 mMNaCl 30 mMNa citrate, pH
7.0, slides were incubated for 30 min at 37°C in 20 mMTris-HC1, pH
7.0. Slides were then incubated for 30 min at 37°C in 20 mMTris-HCI,
pH 7.4,2 mMCaCl2, and I Mg/ml proteinase K. They were then washed
twice in distilled water, dehydrated through ethanol and allowed to dry.
Hybridization buffer contained 50% formamide, 10 mMTris-HCl, pH
7.0, 1 mMEDTA, 600 mMNaCl, 1 X Denhardt's solution, 100 Ml/ml
sonicated salmon sperm DNA(5 mg/ml), and 2%dextran sulphate. The
probe used to identify sites of Tf mRNAtranscription was the full-length
coding sequence of human transferrin. It has been described in detail by
Yang et al. (10). 3H-labeled Tf cDNA (specific activity 2-4 X I07 cpm/
,Mg DNA) was heat denatured at 100°C for 5 min and rapidly cooled to
0°C before adding to hybridization buffer (12). The complete mixture
was incubated for 1 h at 50°C before applying to cells. Slides were allowed
to hybridize 24 h under siliconized coverslips in a moist chamber at
room temperature. Slides were then washed for 3-4 h each time in two
changes of 4X standard saline citrate (SSC) (0.15 MNaCl, 0.015 MNa
citrate), two changes of 2X SSCfor I h each, and I h of I X SSCat 37°C.
Slides were dehydrated in ethanol, allowed to dry thoroughly, and coated
with Kodak nuclear track emulsion (NTB-2) (Eastman Kodak Co.,
Rochester, NY) that had been diluted 1:1 with 0.6 Mammonium acetate.
Sections were then exposed for I wk at 4°C, developed with D-19, and
counterstained with hematoxylin and eosin.

Culture methods. Nonadherent cells were placed in replicate cultures
in complete medium containing 10% fetal bovine serum with 0.05%
phytohemagglutin (PHA) and 20 ng/ml phorbol myristate acetate. At
the indicated times, aliquots of cells were collected and probed with

radiolabeled Tf cDNA (10) and IL-2 cDNA (30) clones as described.
Transferrin and IL-2 receptor expression was determined by incubating
aliquots of cells with monoclonal antibodies 5E9 (31) (tissue culture
fluid), or anti-TAC (14) (1:5,000 dilution of ascites fluid), respectively,
for 30 min on ice. Cells were then washed, incubated with fluoresceinated
goat anti-mouse immunoglobulin (FGAMIg, Sigma Chemical Co.) and
fixed with paraformaldehyde (32). Control aliquots were stained in parallel
with FGAMIg alone. Fixed cells were analyzed on a modified FACSIV
instrument (Becton, Dickinson & Co.) equipped with logarithmic am-
plifiers and utilizing a PDP11-44 computer (Digital Equipment Corp.,
Marlboro, MA). Percentages of specific staining cells were calculated by
comparing integrated histograms of cells stained with appropriate anti-
body with those of cells stained with FGAMIg only.

HumanT cell clones were isolated from limiting dilution culture by
restimulating peripheral blood E'T8- cells with an autologous EBV-
BCLin the presence of 2%by volume of IL-2-containing supernate. The
T cell clone bears the cell surface markers T3 and T4, but not T8, and
proliferates in response to autologous but not allogeneic EBV-BCL. 2
X 104 T cells and 2 X 104 mitomycin C-treated autologous EBV-BCL
were cultured in replicate wells of 96-well round-bottom plates in 0.2
ml of complete medium. Cultures were incubated in a humidified 5%
C02/95% air atmosphere at 370C for 7 d.

DNAsynthesis and IL-2 bioassay. Proliferation was measured by
adding 1 MCi of tritiated thymidine [3H]TdR to cultures and harvesting
16-20 h later on filter disks with a Mini-Mash II (M.A. Bioproducts,
Walkersville, MD). Triplicate disks were analyzed by liquid scintillation
counting and counts averaged. Results are expressed as the mean counts
per minute of triplicate cultures±standard deviation.

IL-2 production was measured by harvesting T cell supernates by
centrifugation and culturing appropriate dilutions of supernates with the
IL-2 indicator cell line, CTLL-6 (33). [3H]TdR uptakes were measured
and values are expressed as mean counts per minute of triplicate cul-
tures±standard deviation.

Serum-free conditions. Cells were placed in culture at 1 X 101 cells/
ml in 0.2 ml of complete medium or Tf-free medium (Iscove's modified
Dulbecco's medium with 0.1% recrystallized bovine albumin, 20 Mg/ml
soybean oil, 2 X 10-3 Mglutamine, 3 X 10-0 M2-mercaptoethanol, and
antibiotics). Indicated cultures were given 0.1% PHA-P. 16-20 h prior
to the indicated times, cultures were pulsed with 1 MCi [3H]TdR and
then harvested and analyzed as described. Results are expressed as mean
counts per minute±standard deviation of triplicate cultures.

[35SJMethionine immunoprecipitation. Twenty million PBMCswere
cultured overnight at 37°C in 2.0 ml of complete medium containing
0.1% PHA-P (Difco, Detroit, MI). Cells were harvested, washed twice
in HBSS, and labeled with 2.0 mCi [35S~methionine (Amersham Corp.,
Arlington Heights, IL) for 6 h in 1.0 ml of HBSScontaining 10%dialyzed
FCS (34). Supernates and cells were harvested by centrifugation. Cells
were washed three times in HBSSand lysed in 0.05% Trixon X-100 in
Tris-buffered saline, pH 8.0 (CLB). Supernates and cell lysates were
preincubated with 1.0 ml of fixed Staphylococcus aureus (Pansorbin,
Calbiochem-Behring Corp., San Diego, CA), which was then discarded.
Supernate aliquots (100 ,l) and cell lysate aliquots (50 Ml) were then
incubated either with 1 ul of rabbit antiserum to human Tf(Calbiochem-
Behring Corp.), 1 Ml of normal rabbit serum, 100 Ml of human transferrin
solution containing 100 Mg of unlabeled Tf (Sigma Chemical Co.) plus
2 Ml of rabbit antiserum to human Tf, 100 Ml of solution containing 10
,ug of human Tf plus 2 ,ul of rabbit antiserum to human Tf, or received
no additions. Samples were then maintained 3 h on ice and immune
complexes were collected on 100 Ml of pelleted Pansorbin. After washing
in CLB, bound complexes were eluted by boiling in SDS-polyacrylamide
gel electrophoresis (PAGE) reducing sample buffer and run on 10% dis-
continuous SDS-PAGEaccording to the method of Lacmmli (35). Gels
were fixed, impregnated with fluor (Enhance, New England Nuclear,
Boston, MA), dried, and autoradiographed using Kodak X-omat AR5
film (Eastman Kodak Co.). Films were exposed for 3 d and developed.
Molecular weight standards were I25-labeled human Tf (79.5 kD) and
bovine albumin (67 kD).
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Results

Detection of Tf mRNAtranscription in lymphocytes. Various
cell types were examined by in situ hybridization using radio-
labeled Tf cDNA. Fig. 1 is a composite of photographs taken
after hybridization with the Tf cDNA probe. Occasional cells
(2-5%) having silver grains denoting Tf mRNAhybridization
were observed after examination of PBMCs(Fig. 1 A). When
peripheral blood T lymphocytes were isolated by rosette for-
mation with sheep red blood cells, - 10-20% of the cells con-
tained silver grains, denoting Tf mRNA(Fig. 1 B). No silver
grains were observed in non-T cells (Fig. 1 C).

The heterogeneous labeling of T lymphocytes after hybrid-
ization with Tf cDNAsuggested that a specific subset of T lym-
phocytes was transcribing Tf mRNA. Therefore, T cell subsets
defined by monoclonal antibodies OKT3, OKT4, and OKT8
were obtained by indirect immunofluorescence and electronic
cell sorting or by antibody plus complement depletion. Isolated
T cell subsets were subsequently examined by hybridization with
radiolabeled Tf cDNA. Tf mRNAwas detected in the OKT3'
and OKT4' subsets but not in the OKT8' population (Fig. 1 D
and E). These results were confirmed by examining antibody
plus complement-depeleted populations. When T cell popula-
tions were depleted of OKT8 cells (OKT8-), Tf mRNAtran-

scription was observed, whereas populations depleted of the
OKT4+cells demonstrated no hybridization. These data provide
evidence that Tf mRNAis transcribed by the T4+ inducer subset

Expression of Tf by the inducer subset of T lymphocytes
predicted that human leukemia cells expressing the T4 marker
might also transcribe Tf mRNA. Fresh peripheral blood cells
from three leukemia patients as well as two malignant cell lines
maintained in vitro have been found to transcribe Tf mRNA
(Lum et al., manuscript in preparation). One such line, HPB-
ALL, is shown in Fig. 1 Fwith silver grains denoting transcription
of Tf mRNA. In contrast, no Tf mRNAtranscription was in-
dicated in an EBV-BCL, shown in Fig. 1 G, indicating that Tf
mRNAexpression is not simply a marker of transformation.
These results suggest that the Tf cDNAprobe may be useful in
combination with MAbsto human lymphocyte surface markers
in characterizing heterogeneity of T cell malignancies.

Tf mRNAexpression by activated inducer T cell clones. Be-
cause the T cells circulating in peripheral blood are an extremely
heterogeneous population, human inducer T cell clones (T4+,
T8-) were utilized to provide a homogeneous population to ex-
amine Tf mRNAexpression upon activation. Clones that spe-
cifically proliferated in response to autologous or allogeneic EBV-
BCLwere examined. The EBV-BCL do not themselves express
Tf mRNAas already shown (Fig. 1 G). The T cell clones can
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E F
Figure 1. Localization of Tf mRNAin peripheral blood cells using in situ hybridization. (A) PBMCs. (B) T lymphocytes (E-rosette positive). (C) B
lymphocytes (E-rosette negative). (D) OKT4+ T cells. (E) OKT8+T cells. (F) T cell acute leukemia cell line-HPB-ALL (28). (G) EBV-BCL.
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be induced to undergo repeated rounds of activation at appro-
priate intervals by adding fresh media and stimulator cells. As
shown in Fig. 2 A, no Tf mRNAwas detected in T cells prior
to activation. When appropriate stimulator EBV-BCLs were
added, IL-2 was secreted, Tf mRNAwas transcribed (Fig. 2 B),
and proliferation was subsequently induced. As expected, in that
the T cells were derived from a single precursor, virtually 100%
of the T cells demonstrated increased levels of Tf mRNA.Note
that (a) maximal IL-2 secretion and Tf mRNAexpression pre-
ceded peak proliferation as measured by [3H]TdR uptake (Fig.
2, appended table) and (b) Tf mRNAtranscription was tightly
regulated temporally, dropping rapidly to lower levels by 48 h
(Fig. 2 C).

Temporal relationships of expression of IL-2 and Tf mRNA,
and IL-2 and Tf receptors. Previous studies indicated that the
binding of IL-2 to its cell surface receptor preceded and was
required for Tf receptor expression (18). In the next series of
experiments, attention was focused on the temporal relationship
of Tf mRNAtranscription with reference to the induction of
IL-2 mRNAand the appearance of IL2 and Tf receptors. Al-
though the temporal order of expression of Tf, IL-2, and their
respective receptors is measured by both immunologic and DNA

A

hybridization techniques and, therefore, may not be highly de-
finitive, these experiments have provided evidence of the series
of events preceding lymphocyte proliferation. The results are
summarized in Table I.

IL-2 mRNAwas first observed in peripheral blood lympho-
cytes at 6 h after mitogen activation and could still be detected
at 24 h after activation. Tf mRNA,however, was not observed
until 12 h after activation; it peaked at 24 h and was still de-
tectable as late as 48 h after activation. Analysis of cell surface
receptors for IL-2 and Tf using indirect immunofluorescence
and flow cytometry indicated that IL-2 receptors appeared first,
increased in numbers, and were followed by an increase in Tf
receptors. Alternately, the rate of increase of Tf receptors could
be slower. Levels of both Tf and IL-2 receptors peaked at 48 h
after activation, which coincided with the peak observed in pro-
liferative activity. Therefore, these results are consistent with
those previously reported (18, 20, 36) in which IL-2 production
is followed by the appearance of IL-2, and then Tf receptors.
Wehave demonstrated that the induction of Tf mRNAtran-
scription seems to be an intermediate event along the IL-2-
dependent activation pathway in T lymphocytes. Tf mRNA
expression occurs after IL-2 mRNAinduction but prior to
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Figure 2. Tf mRNAtranscription, proliferation, and IL-2 secretion by
a human T4+T8- T cell clone. Localization of Tf mRNAin T4+T8-
T cell clones before activation, day 0 (A), day 1 after activation (B),
and day 2 after activation (C).

Day Panel Proliferation* IL-2 secretiont Tf mRNA§

0 (A) - 0%
1 (B) 998±61 13,104±313 100% positive cells
2 (C) 27,393±1,057 10,255±271 few positive cells
4 25,826±2,401 7,731±198 0%
7 2,321±103 4,329±123 0%

* Proliferation was measured as [3H]TdR uptake. Results are ex-
pressed as mean counts per minute of triplicate cultures±standard de-
viation.
t IL-2 production was measured by culturing T cell supernates with
CTLL-6. [3H]TdR uptake values are expressed as mean counts per
minute of triplicate cultures±standard deviation.
§ Localization of Tf mRNAwas performed using in situ hybridization
techniques.
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Table I. Detection of Transferrin mRNA, Transferrin
Receptor, Interleukin 2 mRNAand Interleukin 2 Receptor
at Periods after Activation of Peripheral Blood Cells*

Time after activation

0 6 12 24 48

h

Transferrin mRNAf - - + ++ +
Interleukin 2 mRNAt - ++ + + -

Transferrin receptor§ 2% 9% 17% 21% 84%
Interleukin 2 receptor§ 3% 26% 29% 49% 92%

* 10 random microscope fields were counted for labeling cells. Each
field contained 10-20 cells total. Experimental slides were performed
in triplicate. The number of cells scoring positive were an average of
the 10 fields per slide. Detection of >10 grains/cell (++), <10 grains/
cell (+), and no grains located/cell (-).
t Localization of mRNAwas performed using in situ hybridization.
§ Transferrin receptor and IL-2 receptor were detected using MAbs
5E9 and anti-TAC, respectively. Cells were then stained with FGAMIg
and analyzed by flow cytometry.

expression of IL-2 and Tf receptors. DNAsynthesis then follows
the growth factor and specific receptor events.

Activated PBMCssynthesize Tf To demonstrate that Tf
mRNAdetection was associated with synthesis of Tf protein,
PBMCs were activated with (PHA) and radiolabeled with
[35S]methionine. Supernates and cell lysates were immunopre-
cipitated with rabbit antiserum to human Tf and analyzed by
SDS-PAGEunder reducing conditions (Fig. 3). As demonstrated
in lanes I and 7, both the supernate and cell lysate contained
immunoreactive radiolabeled material giving a molecular weight
band similar to human Tf (79,500 D, lane 6). This band was
not seen when nonimmune serum was used (lanes 2 and 8) or
when antiserum was omitted (lane 3). Furthermore, the ap-
pearance of this band was specifically inhibited when unlabeled
human Tf was added to the supernates in a competition exper-
iment (lanes 4 and 5).

To obtain an approximation of the amount of Tf protein
present in the supernatant, densitometer scans of lanes 1, 4, and
5 were performed (Fig. 3 B). A Tf concentration of between 1
and 5 jsg/ml seemed to be present in the supernate as calculated
from the area beneath the peaks and amount of unlabeled Tf
used in competition.

A second band, at -62 kD, was also seen in lanes containing
samples immunoprecipitated with rabbit anti-Tf serum. This
band also showed a decrease in intensity when "cold" Tf was
added (Fig. 3 A, lanes 4 and 5; Fig. 3 B, lines b and c). Because
the molecular weight of the Tf polypeptide backbone is predicted
to be at least 75,157 D (10), the band does not appear to cor-
respond to a nonglycosylated or partially glycosylated form of
Tf. The precise characterization of the 62-kD Tf derivative se-
creted by lymphocytes awaits further results.

From the experiments described above, we can postulate
that the Tf mRNAexpression in human peripheral T4' inducer
cells leads to the synthesis and secretion of Tf protein. Our studies
appear to confirm previous reports suggesting the synthesis and
secretion of Tf by lymphocytes (23, 24). Immunofluorescent
localization of Tf in T cells was associated with "halo" formation,

A
HuTf
BSA

-79kD
-67kD

1 2 3 4 5 6

B

a
0

7 8 9

67kD 79 kD

Figure 3. Immunoprecipitation of [35S]methionine radiolabeled pro-
teins from supernates and cell extracts of PHA-activated human
PBMCs. (A) Autoradiograph of SDSpolyacrylamide gel Tf antiserum
(lanes I and 7), normal rabbit serum (lanes 2 and 8), and none (lanes
3 and 9). Lanes 1-S contain cell supernatants while lanes 7-9 contain
cell lysates. Competition with cold Tf (lanes 4 and 5). '25I-labeled Tf
and albumin standards (lane 6). (B) Densitometer scans of lanes I (a),

.4 (c), and 5 (b). Asterisks indicate peaks that migrate identically with
authentic human Tf.

suggesting Tf secretion (24). Other studies showed the association
of radiolabeled immunoreactive Tf with cell extracts of PBMCs,
although the molecular weight was not determined (23). Previous
results taken together with the biochemical data of Fig. 3 A and
B, provide evidence for the translation of Tf mRNAinto Tf
protein and its release by inducer T lymphocytes.

Tf synthesis in serum-free, Tf-free media. Although exoge-
nous Tf has been shown to be an essential growth factor (4-8,
37-40), the ability of a small percentage of lymphocytes to con-
tinue to proliferate under certain serum-free conditions is con-
sistent with the possibility that they may be synthesizing their
own transferrin (38). To examine this, PBMCswere cultured in
serum-free, Tf-free medium with and without PHAat high cell
density. Results are summarized in Fig. 4. There was no differ-
ence in background proliferation of cells in complete medium
compared to Tf-free medium when PHAwas omitted. With the
addition of PHA, cells grown in complete medium proliferated
as expected, with a significant increase in [3H]TdR incorporation.
Cells grown in Tf-free medium responded to PHAwith an in-
crease in proliferation. The magnitude of the responses observed
in Tf-free medium was 25-30% of that seen in complete medium.
To determine how many cells in the population were actually
synthesizing Tf, aliquots of cells grown in each of the culture
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Figure 4. Proliferation of PHA-activated peripheral blood cells in
Tf-free medium. Localization of Tf mRNAin cells cultured in Tf-free
media with 0.1% PHAon day 1 (A), day 2 (B), and day 4 (C). 10 ran-
dom microscope fields were counted for labeling cells. Each field con-
tained at least 10-20 cells total. Labeling cells were scored positive
which had > 10 silver grains. Estimated percentages of positively label-
ing cells are an average of 10 fields of three separate slides.

Culture media Day I Day 2 Day 4

CBM

Complete media

cpm cpm

Culture media Day I Day 2 Day4

Complete media
+ 0.1% PHA 6,053±188 71,201±280 192,810±760

Tf-free media 1,844±898 1,547±75 2,402±99
Tf-free media

+ 0.1% PHA 4,970±202 21,168±114 40,019±205

- Results are expressed as mean counts per minute of triplicate cul-
1,919±533 1,517±142 3,313±412 tures±standard deviation.

conditions were hybridized to Tf cDNA (see Fig. 4 A-C). On
day 1, a small percentage of the cells, -5-10%, were found to
transcribe Tf mRNA. By day 2, the cellular percentage had in-
creased to 15-20%. However, by day 4, the hybridization signal
had dropped to almost undetectable levels and scattered clusters
of blastlike cells were observed as shown in Fig. 4 C. These
results clearly indicate that under defined culture conditions
(lacking exogenous Tf), a small percentage of cells synthesized
Tf, which supported a significant amount of cellular proliferation.

Discussion

Wereport here the specific localization of Tf synthesis in T4'
inducer T lymphocytes. Tf mRNAwas localized to T4' cells
isolated by positive and negative selection procedures as well as

using isolated T4+T8- clones. In activated cells, the Tf mRNA
was translated into radiolabeled, immunoreactive Tf that was

then secreted into culture supernates. These results confirm and
extend previous studies suggesting that Tf is synthesized and
released from peripheral blood T cells (23, 24, 41). The results

described here are in contrast, however, to studies indicating the
release of Tf from OKT8' cells but not OKT4' cells (41). The
reasons for this apparent discrepancy are not entirely clear. The
study of Broxmeyer et al. (41) utilized immunodetection and a

bioassay of released Tf that did not directly assess the site of Tf
synthesis. Therefore, the uptake of preformed Tf by T8' cells
and its subsequent release maybe the basis of those observations
and may represent another important regulatory mechanism.

The term "autocrine" has been used to describe self-stim-
ulation processes of a cell producing a growth promoting factor
and its specific membrane receptor (42, 43). Autocrine growth
regulation was initially proposed as a possible mechanism leading
to malignant transformation and was studied in several tumor
cell systems (44-46). Recently, further investigations of autocrine
growth factors and malignancy have been described (47-49). In
contrast to these studies autocrine mechanisms may confer se-
lective growth advantages to rapidly proliferating normal cell
populations. At present, there are two known instances, one in
human trophoblasts (50, 51) and two in rat smooth muscle cells
(52), suggesting that autocrine regulation of cell growth may be

846 J. B. Lum, A. J. Infante, D. M. Makker, F. Yang, and B. H. Bowman

-P

A B



Mitogen (PHA, PWM,A23178, CONA) _ Helper/Inducer Expression of _ Expression of Proliferation of
T Cell "Activation" IL - 2 Receptors Tf Receptors Helper/Inducer

or Antigen I A A T Cell

IL-2 Tf

and

Lymphokine
Secretion
(BCGF, TRF, CSF, IFN, etc.)

Proliferation of Other
T Cell Subsets

Figure 5. Proposed role of Tf transferrin synthesis by helper/inducer T cells in T cell activation. Additional abbreviations used in this
figure: PWM,pokeweed mitogen; CONA, concanavalin A; TPA, 12-0-tetracanoylphorbol 13-acetate; BCGF, B cell growth factor,
TRF, T cell replacing factor, CSF, colony-stimulating factor, IFN, y-interferon.

a commoncontrol mechanism in early embryonic development.
Wepresent evidence here suggesting an additional normal reg-

ulatory autocrine loop involving Tf and Tf receptor which is
linked to the IL-2/IL-2 receptor autocrine pathway (53).

A diagram of the role of transferrin synthesis by inducer T
cells in T lymphocyte activation and proliferation is illustrated
in Fig. 5. Macrophage/monocyte accessory cells are activated
by antigen to produce interleukin 1 (IL-1), which in turn activates
specific T cells to synthesize IL-2. In vitro T cells can be directly
activated with mitogens such as PHA or concanavalin A and
phorbal esters which serve to substitute for the action of IL-1.
The secretion of IL-2 has then been shown to be closely followed
by the induction of IL-2 receptors and Tf receptors. In the pres-

ence of Tf the inducer T cells themselves proliferate. The tran-
scription of Tf mRNAhas been shown here to occur after the
onset of IL-2 mRNAtranscription but prior to IL-2 and Tf
receptor expression. It is of interest that Tf is synthesized by the
same T lymphocyte subset found to be the major source of IL-
2. Thus, the inducer T cell may be an important source of a

number of growth factors required by activated lymphocytes
within various other subsets.

The demonstration of a second autocrine pathway in T cell
proliferation has far-reaching implications. That the transferrin
loop is under the control of the IL-2 autocrine mechanism has
been demonstrated by blocking Tf receptor expression by the
action of anti-TAC, which specifically interacts with the IL-2
receptor (18). Weare currently investigating whether or not the
interruption of the IL-2 signal has an effect on Tf mRNAtran-
scription. It may be significant that Tf mRNAtranscription lags
behind IL-2 mRNAappearance by several hours, thus providing
an interval in which further regulation is possible. The synthesis
of transferrin and its receptor during normal T cell proliferation
suggests a role of this autocrine pathway in malignant T cell
proliferation. Wehave found Tf mRNAin a number of T cell
lines, including HPB-ALL, a T4+ cell leukemic line which also
expresses Tf receptors (28).

Withholding iron is characteristic of host defense mecha-
nisms against microbial pathogens and neoplasia (54-57). Mi-
crobial growth is severely reduced with restricted iron concen-

trations, an effect that is readily reversed by adding exogenous

iron or iron-saturated Tf (58, 59). The importance of this phe-
nomenon is particularly well illustrated by reports in which
therapeutic iron supplementation was associated with increased
morbidity and mortality from tuberculosis, brucellosis, malaria,
and sepsis (55, 56). The ability to enhance the virulence of in-

fections and neoplasia is unique to iron and has not been ob-
served with other trace metals (57). To evade the difficulty of
obtaining iron, bacteria and neoplastic cells have been reported
to produce their own low molecular weight iron-binding proteins
called siderophores and growth factors capable of binding iron
(19, 60). Exact mechanisms by which serum iron is decreased
and redistributed to tissue storage sites are not yet fully defined.
However, the immune system requires the delivery of Tf-bound
iron for proper lymphocyte function (8, 61, 62). Therefore, dur-
ing situations when iron is being withheld from the circulation,
the capability of a specific subset of human T lymphocytes to
synthesize transferrin may provide a source of available iron to
support localized proliferation of lymphocytes required in the
host's immune response.
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