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We have investigated the effect of iron on the  expres- 
sion of transferrin receptors  (TrfRs)  and ferritin 
chains  in  cultures of human peripheral blood  mono- 
cytes  maturing to macrophages. 

Monocyte-macrophage maturation  is associated with 
a gradual  rise of Trf-binding capacity in  the absence 
of cell proliferation. At all  culture times, treatment 
with ferric ammonium citrate induces a dose-depend- 
ent  rise of the  Trf-binding level as compared with 
nontreated cells. Scatchard  analysis revealed that  this 
phenomenon is due to an  increase  in  receptor number 
rather  than  an  alteration in  ligand-receptor  affinity. 
Biosynthesis experiments indicated that  the rise  in 
number of TrfRs  is due to an  increase of receptor 
synthesis, which is associated with a sustained eleva- 
tion of the  TrfR RNA level. The  up-regulation of TrfR 
synthesis  is specific in that expression of other mac- 
rophage membrane proteins is not affected by iron 
addition. Conversely, addition of an  iron  chelator in- 
duced a slight decrease of TrfR synthesis. 

The expression of heavy and  light ferritin chains at 
RNA and protein levels was markedly more elevated 
in  cultured macrophages than in fresh monocytes, thus 
suggesting modulation of ferritin genes at transcrip- 
tional or  post-transcriptional levels. Addition of iron 
salts to monocyte-macrophage cultures  sharply stimu- 
lated ferritin synthesis but only slightly enhanced the 
level of ferritin RNA, thus  indicating a modulation at 
the  translational level. 

These results suggest that in cultured human mono- 
cytes-macrophages, iron  up-regulates  TrfR  expres- 
sion, thus in sharp contrast to the negative feedback 
reported  in  a  variety of other cell types. These obser- 
vations may shed light on the mechanism(s) of iron 
storage  in tissue macrophages under normal conditions 
and possibly  on the pathogenesis of diseases character- 
ized  by abnormal  iron  storage. 

Peripheral blood monocytes, originating from bone marrow 
progenitor cells, mature to different  types of histiocytes and 
macrophages when they migrate from the bloodstream into 
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various tissues (1). Different  populations of macrophages can 
be distinguished on the basis of morphological and functional 
criteria (2, 3). 

Monocytes-macrophages play an  important role in  host 
defense, particularly in  the inflammatory process of acute and 
chronic disease (4).  A  number of these phenomena are iron- 
dependent, including the generation of oxidants for bacterial 
killing (5)  and  the production of arachidonic acid metabolites 
(6). Furthermore, monocyte-macrophages, together  with other 
cells of the reticuloendothelial system, play a key role in  the 
storage of iron, which is mostly derived from the breakdown 
of senescent red blood cells. Under normal conditions, the 
iron reserve is largely confined to liver, bone marrow, and 
skeletal muscle reticuloendothelial cells. The capacity of these 
elements to catabolize and  store  the iron of damaged red blood 
cells is enormous, amounting to  as much as 20% of the red 
blood cell mass per day (7). In  both  humans (8) and animals 
(9), nearly equal amounts of processed iron are  either returned 
to circulating transferrin (Trf)’ or stored as  ferritin  and 
hemosiderin; the  ratio is nearly constant over a 10-fold in- 
crease in reticuloendothelial iron load, but a further increase 
leads to enhanced  iron storage. 

When blood monocytes are grown in medium containing 
either human or bovine serum (5-20%), they adhere to plastic 
surfaces and undergo maturation  to macrophages, as indicated 
by a  number of morphological and biochemical parameters 
(2, 3, 10, 11). Thus,  the intracellular level of lysosomal en- 
zymes increases, the number and function of complement 
receptors  are markedly modulated, the phagocytic capacity is 
enhanced, and  the expression of various membrane  antigens 
of known and unknown  functions is up-regulated (10, 11). 
This is paralleled by an increase  in cell size and granularity. 

A majority of macrophages generated in uitro from mono- 
cytes reacts  with anti-TrfR antibody, whereas circulating 
monocytes do not (12). Furthermore, 90-95%  of macrophages 
from bronchoalveolar lavage fluids, as well as a  minority of 
those from peritoneal and pleural cavities, possesses TrfRs 
(12). Presence of high affinity TrfRs  on  both murine and 
human macrophages has recently been confirmed (13). Con- 
sistent with these observations, TrfR mRNA was demon- 
strated in both alveolar and in uitro matured macrophages 
but not  in blood monocytes (13). TrfR expression may reflect 
macrophage immune  activation.  Indeed,  recent  studies sug- 
gest that macrophage activation may affect macrophage iron 
release (14, 15).  Furthermore, monocyte activators, e.g. inter- 

’ The abbreviations used are: Trf, transferrin; TrfR(s), transferrin 
receptor(s); H, heavy; L, light; SDS, sodium dodecyl sulfate; BSA, 
bovine serum albumin; mAb(s), monoclonal antibody(ies); kb, kilo- 
base. 
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feron-y,  stimulate the expression of TrfR in human mono- 
cytes-macrophages (16-18). 

Previous studies in  other  cell  systems, i.e. fibroblasts (19), 
leukemic  lines (20), mitogen-activated T lymphocytes (21), 
and hepatoma cells: indicated that TrfRs are specifically 
modulated  by the intracellular  iron  concentration  via a neg- 
ative  feedback. Thus, iron treatment induces a decline  in 
TrfR synthesis, whereas addition of an iron chelator enhances 
the receptor synthesis (cf. Ref. 22). 

It seemed of interest to investigate the regulation of TrfR 
expression i n  human monocytes maturing in uitro to  macro- 
phages. In sharp contrast to the negative  feedback observed 
i n  other cell types, iron induces an up-regulation  of TrfR 
expression  in  macrophages  via  modulation at the RNA level. 
Heavy (H) and light (L) ferritin chain synthesis is strongly 
enhanced  during  monocyte-macrophage maturation. The 
expression  is  further  up-regulated  by iron treatment at the 
protein but not the RNA level, thus indicating a modulation 
via  translational  mechanisms. 

EXPERIMENTAL  PROCEDURES 

Materials-Human Trf (Sigma) was purified by  gel filtration chro- 
matography to an electrophoretically homogenous preparation as 
estimated by SDS-polyacrylamide gel electrophoresis. Ferric ammo- 
nium citrate, bovine serum albumin (BSA, fraction V), and picolinic 
acid were purchased from Sigma. '=I-Trf and '"I-F(ab')z sheep anti- 
mouse IgGs  were obtained from Du Pont-New  England Nuclear. 
Desferoxamine B (Desferal) was a gift from Ciba-Geigy. 

Isolation and in Vitro Culture of Monocytes and Macrophages- 
Peripheral blood mononuclear cells were obtained from 18-40-year- 
old healthy male and female donors. Venous blood mixed with 12 IU/ 
ml sodium heparinate was separated  on Ficoll-Paque solution (Phar- 
macia LKE3 Biotechnology I C . )  at 450 X g/20 min. Peripheral blood 
mononuclear cells were washed three times with RPMI 1640 medium 
(Flow Laboratories, Inc.) and  then suspended (4 X 10' cells/ml) in 
the same medium containing 20% fetal calf serum (Flow Laborato- 
ries). Monocytes were separated from lymphocytes by adherence (1 h 
at 37 "C) in plastic dishes. After removal of the nonadherent popu- 
lation, cells were washed three times with RPMI 1640 medium to 
remove residual nonadherent elements; cytochemical and surface 
marker analysis revealed that  the adherent population consisted of 
>95% monocytes. Thereafter, cells were cultured in  RPMI 1640 
medium containing 15% fetal calf serum in 5% COz in  air  at 37 "c. 
Mo-cell line conditioned medium (1%) (23)  was added to  the culture 
on different days to improve cell viability and monocyte to macro- 
phage maturation. At various culture days, monocytes-macrophages 
were harvested by vigorous pipetting  after a 20-30-min incubation at 
4 'C. Cell viability ranged from 85 to 100% as determined by the 
trypan blue exclusion test. After 2-5 days of culture, monocytes were 
partially detached from the plastic surface and grew in suspension. 
However, both adherent and nonadherent cells terminally matured 
to macrophages. 

Assay of Ferritin Concentration-Intracellular ferritin  concentra- 
tion was evaluated by radioimmunoassay (Behring Institute, Mar- 
burg, Federal Republic of Germany). Samples were  lysed in distilled 
water, freeze-thawed three times, and centrifuged at  20,000 X g/30 
min at 4 "C. The  supernatant was then utilized for radioimmunoassay. 
Protein concentration was determined by the dye-binding method 
(Bio-Rad). 

Trf Receptor  (TrfR)  Assay-Purified human Trf was conjugated 
with '%I by the solid phase lactoperoxidase method (Du  Pont-New 
England Nuclear radioiodination system) as described (16). The 
binding reaction was performed in polypropylene tubes (12 X 75 mm) 
in Hanks' saline medium containing 0.1%  BSA (5 X 10' cells/ml, 
labeled and unlabeled Trf, 500  ng and 1 mg/ml, respectively). Un- 
bound ligand was  removed by passaging cells through a density 
cushion (21,24). 

200-microliter aliquots of the cell suspension were incubated and 
layered on 150 pl of a dibutyl- and dinoyl-phtalate mixture (Merck) 
up  to a final density of  1.205 in 400-pl plastic tubes and  then 
centrifuged in an Eppendorf microcentrifuge (13,000 x g/2 rnin). The 
resulting supernatant and a major part of the  phtalate cushion were 

U. Testar  and C. Peschle, unpublished observations. 

then aspirated. The  tips of the vials, containing cell pellets, were 
severed with a scalpel and transferred to plastic vials, and radioactiv- 
ity was measured in a y-counter. "Total" binding corresponded to the 
radioactivity in the cell pellet. "Nonspecific" binding was represented 
by the radioactivity detected in the presence of a large excess of 
unlabeled Trf. "Specific" binding data were the differences between 
total and nonspecific values. 

Before binding, cells were washed three times  in 40  ml of Hanks' 
saline solution. The number of washes did not modify the Trf-binding 

the  latter having a low affinity for human  TrfR. 
capacity since cells were grown in fetal calf serum and bovine Trf, 

Trf Receptor  Biosynthesis-107 cells, washed three times  in RPMI 
1640 methionine-free medium, were incubated for 60 min at 37 'C in 
the same medium containing 4 mg/ml  BSA and 100 pCi of [=SI 
methionine (Du Pont-New  England Nuclear). Cells were then washed 
three times  in  Hanks' saline solution and dissolved in  phosphate- 
buffered saline containing 1% Triton X-100 and 2 mM phenyl- 
methylsulfonyl fluoride (Sigma). After 30 min at  4 "C, cells were 
centrifuged for 30 min at  20,000 X g and  the  supernatant added to 50 
pl of Sepharose-Trf, obtained by coupling purified human Trf to 
CNBr-activated Sepharose 6B (Pharmacia). The  supernatant  and 
resin were incubated for 30 min at 20 "C and  then 90 min at  4 "C. 
The resin was first washed three times with Tris-HC1 containing 1 
mM phenylmethylsulfonyl fluoride, 0.5% Triton X-100, 0.2 M NaCl 
and  then washed three  times with the same buffer containing 0.5 M 
NaCl. 100 micro-liters of Tris-HCl(20 mM, pH 7.20) containing 2% 
sodium dodecyl sulfate  (SDS) and 5% 8-mercaptoethanol were added 
to the resin and boiled 5 min at 100 'C. After electrophoresis, the gel 
was stained with Coomassie Blue and  treated for autoradiography as 
reported (25). The intensity of the radioactive bands was evaluated 
by densitometry. 

It is emphasized that  the amount of Sepharose-Trf (50 p l )  utilized 
to purify TrfR fixes several pg  of TrfR, i.e. was excessive as compared 
with the Trf-binding capacity of lo' cells. In control experiments, 
there was the recovery  of Trf-binding capacity since no  Trf-binding 
capacity was detected in the cell supernatants after reaction with 50 
pl of Trf-Sepharose. 

Immunofluorescence Studies-0.5 X 10' monocytes-macrophages 
were first washed three times in Hanks'  saline solution and  then 
incubated for 60 min at  4 "C with 200 p1  of a 1:100 dilution (in Hanks' 
saline solution containing 1 mg/ml BSA) of the monoclonal antibody 
(mAb). Two antibodies were used B3/25 to human TrfR (a generous 
gift of Dr. I. S. Trowbridge, Salk  Institute, San Diego, CA) and  anti- 
HLA-DR or anti-human monocyte mAbs (Leu"3, Leu-M5) (Bec- 
ton-Dickinson). 

Cells washed at  4 "C in Hanks' saline solution were incubated for 
60 min at 4 'C with fluorescein isothiocyanate-labeled F(ab'h frag- 
ments of immunoadsorbent-purified sheep antibodies against mouse 
IgGs. After three additional washes, cells were mounted on slides in 
50% glycerol in phosphate-buffered saline. The proportion of stained 
cells was scored in  incident light with a Leitz standard universal 
fluorescent microscope, equipped with a set of filters for narrow 
fluorescence. 

RNA Analysis-Total RNA was extracted from 2-3 X lo7 macro- 
phages by the guanidine isothiocyanate phenol-chloroform technique 
(26). Integrity of RNA was assessed by evaluation of the 28 S/18 S 
RNA ratio  on 1% agarose Minigels stained with ethidium bromide. 
The  9.543-kb RNA ladder was used as molecular size marker. The 
levels of TrfR  and ferritin RNA were evaluated by dot  and Northern 
blot analysis. For dot blot analysis, decreasing amounts of total RNA 
(4-0.5 pg)  were dotted onto nitrocellulose paper (BA-85, Schleicher 
& Scheull) through a 96-well Minifold apparatus, fixed by baking for 
2 h at 80 'C in a vacuum, and hybridized to 10' cpm of nick-translated 
probe (specific activity, 3-6 X l@ dpmlpg) as described (27). Filters 
were washed under  stringent conditions (15 mM NaCl, 1.5 mM sodium 
citrate, 0.1% SDS, pH 7.0, at 65 "C) and exposed at  -70  'C to Kodak 
SO-282 x-ray films using X-Omatic intensifying screens. For  North- 
ern analysis, 5 pg  of total RNA was run  on 1% formaldehyde gels, 
transferred onto nitrocellulose filter by capillary blot (271, hybridized, 
washed, and exposed as for dot blots. Rehybridization was carried  out 
after removal of probe by washing with 5 mM Tris-HC1, pH 8.0, 2 
mM EDTA, 0.002% Ficoll (Pharmacia), 0.002% polyvinylpyrrolidone 
(Sigma), and 0.002%  BSA (Sigma) for 1 h at 65 "C. Appropriately 
exposed autoradiograms were analyzed by densitometric scanning. 
Expression of H-  and L-ferritin genes was evaluated by densitometric 
comparison with standard  dots of 4 pg  of human rRNA containing 
various amounts (usually 1-250 pg) of the  human H-  and L-ferritin 
cDNA probes. Appropriate conversion factors were formulated for 
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each probe, thus accounting for their size as compared with full  length 
mRNA. The final data were expressed as pg  of mRNA/pg of total 
RNA dotted onto  the filters. 

The probes used were the 4.9-kb full length cDNA of human TrfR 
(pcD-TR1) (28), the 0.86- and 0.70-kb  cDNA of human H-  and L- 
ferritin  chains (FR 33 and FR 36) (29), and  the 11-kb genomic probe 
of human 28 S ribosomal RNA (pHR 28A). 

Phagocytic Actiuity-10' cells were incubated for 16 h in 1 ml  of 
culture medium (RPMI 1640) supplemented with 10%  fetal calf serum 
in 17 X 100-mm silicone-coated glass tubes  containing a 0.02% 
suspension of latex  particles (0.8-pm bead diameter, Sigma). Cells 
containing more than five latex  particles were scored as phagocytic 
cells. Experiments described in  Table I1 were performed four times 
with similar results. 

H -  and L-Ferritin Content-H- and L-ferritin was evaluated by a 
sensitive immunoenzymatic method using specific mAbs (see Ref. 
30). 

RESULTS 

Iron Salts Up-regulate the TrfR-binding Capacity in Cul- 
tured Monocytes-Macrophages-To evaluate the effect of iron 
salts on the expression of TrfR in  maturing monocytes- 
macrophages, we added ferric ammonium citrate (50 pg/ml) 
to  the culture and measured TrfR expression at  different 
times  thereafter. 

Throughout  the observation period (i.e. from day 1 to 15) 
the [3H]thymidine  incorporation level was not modified, thus 
suggesting that under  these  experimental  conditions mono- 
cytes are  unable to proliferate (data  not shown). TrfRs were 
detected  on monocytes from day 3 onward. Peak expression 
was observed at  days 10-12 when a large majority of cells was 
morphologically identified as macrophages (Fig. 1). 

At all  culture  times,  iron-treated cells showed a higher Trf- 
binding capacity than controls (Fig. l ) ,  e.g. at  day 12, macro- 
phages grown in  the presence of iron  exhibited  a mean Trf- 
binding capacity (4.1 X lo4 cpm/106 cells) significantly higher 
than controls (2.55 x lo4). This difference was consistently 
observed in monocyte-macrophage cultures from six different 
donors (Table I). The increase in Trf-binding  capacity was 
concentration-dependent and peaked at  100-200 pg/ml of iron 
salts (Fig. 2). Scatchard analysis (31) revealed that  it was due 
to  an increase in receptor number rather  than  an  alteration 
in ligand-receptor affinity (Fig. 3), e.g. on day 12, control 

"1 e Control 

0 .Fe (KX),uglmll 

15 
Ttme (days) 

FIG. 1. Time course of the expression of TrfR on in  vitro 
cultured blood monocytes grown in the absence (control) or 
presence of  ferric ammonium citrate (100 pglml). At different 
days of culture, differentiating monocytes were harvested and  ana- 
lyzed for their capacity to bind lZ6I-Trf. The results of a single 
representative experiment are reported. 

TABLE I 
1z61-Trf-binding capacity of human monocytes grown in vitro in either 

the absence  (control) or presence of iron salts 
The  data represent the mean level of Trf binding from six separate 

experiments. Statistical analysis showed that  the increase of binding 
values a t  days 2-12 in iron-supplemented versus control  cultures is 
sienificant (t.  3.76 D < 0.05 > 0.01). 

Day of culture Contml Femc ammonium citrate 
(100 uefml) 

10' cpm/lOO c e h  
0 0.012  0.012 
2 0.13 0.21 
5 0.5 1.033 
7 1.05 2.22 
9 1.65 3.35 

. .I, . 

12 2.55  4.1 

16 

L 

FIG. 2. Effect of increasing concentrations of iron on  the 
ferritin content and 1s61-Trf binding of human monocytes 
grown in  vitro. Human monocytes were  grown in vitro in the 
absence (control) or presence of increasing concentrations of ferric 
ammonium citrate  (50,100, and 200 pg/ml). At day 12 of culture, the 
cells were harvested and processed for evaluation of their  ferritin 
content  and Trf-binding capacity. The  data represent the mean level 
from three  separate experiments. 

macrophages possessed 1.46 X IO6 TrfRs/cell as compared 
with 3.3 X lo5 in iron-treated  cultures. 

Iron Positively Regulates the  Synthesis of TrfR Protein  and 
RNA in Cultured Monocytes-Macrophages-To verify whether 
iron modulates the  rate of TrfR synthesis, macrophages were 
incubated in  the presence of [35S]methionine at  day 10 of 
culture, and  TrfRs were then purified by affinity chromatog- 
raphy on Sepharose-Trf. Synthetic values were  lower in con- 
trol cells than in macrophages grown in the presence of ferric 
ammonium citrate, i.e. densitometric  analysis of the 95-kDa 
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FIG. 3. Scatchard analysis (36) of  "'I-Trf binding to differ- 
entiating human monocytes grown in  culture  for 12 days  in 
the  absence  (control)  or  presence  of ferric ammonium citrate 
(100 pglml). The cells were washed and  then incubated for 30 min 
at  20  'C with a fixed nonsaturating  concentration of lZ5I-Trf (500 ng/ 
ml) and increasing concentrations of cold Trf, ranging from 500 to 5 
mg/ml. The  data  are mean values from three separate experiments. 
Coefficients of variation are <5%. 

e B C D 
FIG. 4. SDS-polyacrylamide gel electrophoresis  of affinity 

chromatography-purified  [S5S]methionine-labeled  TrfR. Hu- 
man monocytes were  grown for 12 days in the absence (A, control) 
or presence of ferric ammonium citrate (100 pglml) ( B )  and  then 
labeled for 1 h with [35S]methionine. Control  experiments were per- 
formed on U937 promonocytic human cells grown in the absence (C, 
control) or presence of ferric ammonium citrate  (5 pg/ml) (D). The 
cells were lysed with 1% Triton X-100-TrfR, purified by affinity 
chromatography, and  then analyzed by SDS-polyacrylamide gel elec- 
trophoresis. 

TrfR band showed that  the level of synthesis in controls was 
60% of that in iron-treated cells  (Fig. 4). Conversely, iron 
addition induced a marked decrease of TrfR biosynthesis in 
a promonocytic line (U937) (Fig. 4) and  an erythroleukemic 
one (K562) (not shown) thus in agreement with previous 
observations in a variety of other cell types (10, 11). 

These results clearly  show that  the level of intracellular 
iron in cultured macrophages is directly related to the rate of 
TrfR synthesis. 

We have investigated TrfR synthesis in human macro- 
phages cultured for 12 days and  then subjected to a 4-h 
treatment with an iron chelator. The chelator induced a 
significant decrease of TrfR synthesis (Fig. 5) again in sharp 
contrast to  the rise  observed in other cell types (22). These 
results strengthen  the hypothesis that iron positively  regu- 
lates  the synthesis of TrfRs in maturing macrophages. 

Further experiments were carried out to analyze the effect 
of iron on the level of TrfR RNA. Total RNA was extracted 
from  macrophages at  different times of culture (from day 1 to 
8) in the presence or absence of ferric ammonium citrate (50 
pglml). No TrfR RNA was detected in control fresh blood 

A B 
FIG. 5. Effect  of an iron  chelator on the  biosynthesis  of TrfR 

in cultured  human  monocytes-macrophages. Monocytes, grown 
in vitro for 10 days  under standard conditions (A, control), were 
incubated for 4  h a t  37 'C in  the presence of an iron  chelator (0.5 X 

M desferrioxamine) ( B )  and  then labeled with [=S]methionine. 
The cells were then processed as described in the legend of  Fig.  4. 

B K562 

C 8h 16h24h 

FIG. 6. A, Northern blot  analysis of TrfR RNA  expression in 
human monocytes grown for different times (0-8 days) in  the absence 
(control, lane I )  or presence of ferric ammonium citrate (100 pg/ml, 
lane 2) ;  a representative  experiment  is shown here. Five pg of total 
RNA was run on 1% formaldehyde/agarose gels, transferred  onto 
nitrocellulose paper, and hybridized to the human TrfR cDNA probe 
(pcD-TR1). Hybridization to a  human 28 S rRNA genomic probe is 
also shown. B,  Northern blot  analysis of TrfR RNA expression in 
K562 cells at different times  (8,16,  and 24 h)  after ferric ammonium 
citrate (5-10 pg/ml) addition. Hybridization  with the &actin probe 
is shown for normalization of RNA level. 

monocytes.  However, starting from day 1 of culture, the 
monocytes showed a gradual rise of the level of the 5.1-kb 
TrfR RNA transcript up to peak expression on days 6-8 (Fig. 
6). During the  initial  culture days, cells treated with ferric 
ammonium citrate exhibited significantly higher levels of 
TrfR RNA as compared with controls (Fig. 6A). However, 
after day 6, the TrfR RNA level  was slightly lower in iron- 
supplemented cultures than in controls (Fig. 6A). 

TrfR RNA iron modulation was also tested in K562 cells; 
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addition of as little  as 5-10 pg/ml ferric ammonium citrate 
dramatically decreased the  TrfR RNA  level starting from as 
early as 8 h  after iron loading (Fig. 6B). 

Specificity of  TrfR Modulation by Iron in Cultured Mono- 
cytes-Macrophages-It  is  well  known that maturation of 
monocytes to macrophages is associated with a marked in- 
crease of cell  size and protein content. The size of fresh 
monocytes  ranged  between 8 and 12  pm, and  their cytoplasm 
nucleus ratio was 1:l. In both control and iron-treated cul- 
tures, these parameters showed a significant increase: after 

I 
0 1 1 

4 8 12 

Day 
FIG. 7. Protein content in human monocytes grown in  vitro 

in the absence (control) (0) or presence (0) of  ferric ammo- 
nium citrate (100 pglml). The cells were harvested at  different 
days of culture, lysed, and their  protein content was assessed by the 
dye-binding method. The resulta represent the mean value obtained 
from three separate experiments. 

OAO Control 
OAm Ferric ammonium citrate "1 

& I  , , , , , , , , , ,  
1 2 3 4 5 6 7 8 9 0  

Time (day) 

FIG. 8. Expression of membrane antigens recognized by 
mAbs Leu-M1, Leu-M3, and Tec-M1 in human monocytes 
grown in the absence (control) or presence of  ferric ammo- 
nium citrate (100 pg/ml). The cells were harvested at  different 
days of culture, incubated with mAbs, washed, and  then incubated 
with 'mI-F(ab')2  anti-mouse Igs. The results  represent the mean value 
obtained from two separate experiments. 0 and 0, Leu-M3; A and A, 
Tec-M1; 0 and W, Leu-M1. 

TABLE I1 
Phagocytic activity of monocytes grown in either  the absence (control) 

or presence of ferric ammonium  citrate 
Monocytes were cultured for 10  days in  either  the absence (control) 

or presence of ferric ammonium citrate (50 pg/ml), and  the percentage 
of latex phagocytic cells was then evaluated. 

Experiment Ferric ammonium citrate 
no. (50 udml) 

96 phagocytic cells 
1 81 &I 
2 85 91 
3 79  76 

M o n o c y t e s  

9 2d 3d 6d 8d 

0 

p 1 2   1 2   1 2   1 2  

Ferritin H- i m u  -1.1 Kb 

FIG. 9. Northern blot analysis  of H- and L-femtin RNA 
expression in human monocytes grown for  different  times (0- 
8 days) in the absence (control, lane 1 )  or presence of  ferric 
ammonium citrate (60 pg/ml, Zane2). For  other details, see legend 
of Fig. 6A. 

12 days of culture, the size  was 18-35 pm, and  the cytoplasm/ 
nucleus ratio was  3:l. In both conditions, the mean cell protein 
content progressively increased from day 1 to days 9-12  of 
incubation (Fig. 7). 

The expression of several membrane monocytic markers 
(recognized by  mAbs Leu-M3,  Leu-M5, Tec-M1) was evalu- 
ated at different days in both control and  iron-treated  cultures 
(Fig. 8). Iron salts did not modify the expression level of these 
membrane antigens. Conversely, the number of TrfRs was 
significantly increased in  iron-treated  cultures as estimated 
by  mAb to human TrfR. 

Finally, the phagocytic activity of human monocytes, as 
evaluated by their capacity to phagocytize latex particles, was 
comparable in control and unsupplemented cultures  (Table 
11). 

Altogether, these  results strongly suggest a specific effect 
of iron salts on TrfR expression in cultured monocytes- 
macrophages. 

Expression of Ferritin Genes in Cultured Monocytes-Mac- 
rophages-Human monocytes-macrophages were  grown in ui- 
tro in the absence or presence of ferric ammonium citrate (50 
pglml). RNA from these cells  was extracted at  different days 
of culture  and hybridized to cDNA probes specific  for H-  and 
L-ferritin genes. The sizes of transcripts  are 1.1 and 1.0 kb 
for H-  and L-ferritin, respectively. In fresh monocytes, low 
levels of both  H-  and L-ferritin RNAs were detected by dot 
or  Northern blot.  However, the cultured monocytes showed a 
progressive and marked increase of H-  and L-ferritin RNA 
up to peak levels on days 6-8 (Fig. 9). Densitometric analysis 
of dot blot results indicated that fresh monocytes contained 
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1 2 3 4 5 6  
TIME (days ) 

0 HLF FERRIC AMMONIUM CITRATE o HLF CONTROL 
A HHF FERRIC  AMMONIUM CITRATE A HHF CONTROL 

FIG. 10. Basic human liver ferritin (HLF) and acidic human 
heart ferritin (HHF) concentrations in human monocytes 
grown in vitro in the absence (control) or presence of ferric 
ammonium citrate (100 pg/ml). At different days of culture, the 
cells were harvested and  then processed for evaluation of H- or L- 
ferritin  content. The  data  are expressed as the ferritin  concentration 
per 10‘ cell or per mg of protein. For further details see “Results.” 

19 or 30  pg  of H-  or L-ferritin RNA/pg total RNA, respec- 
tively. At day 3 of culture, the corresponding levels reached 
500 and 1000  pg/pg, respectively. In iron-loaded cultures, the 
abundance of ferritin RNA was comparable or slightly lower 
than  in controls (Fig. 9).  In all cases, a higher level of L-  and 
H-ferritin RNA was observed (Fig. 9). 

We have evaluated the  ferritin concentration in maturing 
monocytes in the presence or absence of iron  supplementa- 
tion.  Control monocytes contained 0.2-0.4  pg  of ferritin/mg 
of protein,  a higher percentage represented by L-  than  H- 
ferritin (Fig. 10). 

This base-line level progressively increased to 2-2.5 pg/mg 
of protein at day 6 of culture, when the majority of monocytes 
had differentiated (Fig. 10). Significantly higher levels of 
ferritin (e.g. up to 6 pg/mg of macrophage protein  on day 6) 
were observed in macrophages grown in the presence of ferric 
ammonium citrate (Fig. 10). In all cases, the basic ferritin 
(human liver ferritin) content was much higher than  that of 
acidic ferritin (human  heart  ferritin) (Fig. 10); a  similar 
difference is observed when results are expressed in  terms of 
ferritin concentration/lO‘ cells (Fig. 10). 

These  results clearly show that maturing macrophages ac- 
tively incorporate  iron from the medium, which in turn mark- 
edly stimulates  ferritin  synthesis. This stimulation seems 
largely mediated by a translational mechanism since iron does 
not modify ferritin RNA levels but markedly stimulates its 
synthesis. 

DISCUSSION 

The expression of TrfR is regulated by complex mecha- 
nisms. A variety of factors, e.g. hemin, protoporphyrin, and 
growth factors, modulates the synthesis of the receptor (see 
Ref. 31). It  is generally conceded that  the expression of TrfR 
is directly correlated with the  rate of cell growth (32, 33) and 
inversely related to  the  amount of iron accumulated in the 
cells (19-22). The correlation  with cell growth is at  least in 
part explained by the absolute  requirement for iron of ribo- 
nucleotide reductase, i.e. an essential enzyme for conversion 
of ribonucleotides to  their deoxy derivatives (34,35).  The iron 
modulation has been clearly demonstrated by experiments of 
iron load or chelation  in  a  variety of cell types (19-22). 

Our studies confirm that  TrfRs  are  not detectable in fresh 
peripheral blood human monocytes. However, in vitro matu- 
ration of these cells to macrophages is linked with a gradual 
rise of the number of TrfRs. The  maturation is apparently 
not associated with cell proliferation as indicated by the very 
low  level  of [3H]thymidine  incorporation  throughout the cul- 
ture period. 

Addition of iron salts  to  the culture of monocytes-macro- 
phages enhances their  Trf-binding capacity in a time-  and 
concentration-dependent  manner. Scatchard analysis  (36) re- 
vealed that  the increase is mediated by a rise in the number 
of receptors rather  than  an  alteration  in  the ligand-receptor 
affinity. Furthermore,  iron treatment induces an early rise of 
the  TrfR RNA level over control values, thus accounting for 
the higher TrfR synthesis  in iron-treated macrophages. 

These  phenomena are associated with a  marked  increase of 
the intracellular  iron  concentration as indicated by the rise 
of the intracellular  ferritin content over control level. 

It is therefore concluded that in human monocytes matur- 
ing in vitro to macrophages, the intracellular  iron level is 
directly related to  the  TrfR RNA level and hence to  the 
synthesis and number of receptors. 

The effect of iron is highly specific in  that  its addition does 
not affect expression of other membrane  markers. In  partic- 
ular,  iron treatment does not modulate the expression of the 
monocytic membrane  antigens recognized by Leu-M3, Leu- 
M5, and Tec-M1 mAbs. Furthermore, the addition of iron 
salts does not modify the size and phagocytic capacity of 
macrophages. 

As mentioned previously, experiments  on  a  variety of cell 
types (i.e. fibroblasts  (19), leukemic cell lines (ZO), mitogen- 
stimulated T lymphocytes (21), and hepatoma cells’) indicate 
that  the expression of TrfR is modulated by iron  through  a 
negative feedback via the intracellular  iron level. Indeed, TrfR 
synthesis is markedly reduced by iron  addition  although 
strongly enhanced by treatment with chelators (20, 22, 37). 
Furthermore, the fluctuations of the number of receptors are 
inversely correlated with those of the intracellular  ferritin 
content  and therefore of the intracellular  iron level (38). 

We suggest that  TrfR expression is modulated by the  intra- 
cellular iron level through  a negative feedback in cells requir- 
ing iron for their growth or  other functions, whereas a positive 
feedback operates  in macrophages and possibly other iron 
storage cells. In  the presence of elevated amounts of extracel- 
lular  iron, the increase of TrfR may allow macrophages to 
store large amounts of the metal, whose toxic effect is neu- 
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tralized by simultaneous synthesis of elevated levels of intra- 
cellular ferritin. Studies are  in progress to identify possible 
alterations of this macrophage iron storage mechanism in 
diseases characterized by abnormal iron accumulation. 

The differential mechanisms regulating TrfR expression in 
macrophages versus other cell types are obviously mediated 
by alternative molecular pathways. In erythroleukemic lines, 
RNA transcription experiments in isolated nuclei suggested 
that  the negative feedback is at least in  part mediated by 
regulation at post-transcriptional level (39). Owen and  Kuhn 
(40) and Mullner and  Kuhn (41) reported that in mouse 
fibroblasts, expression of human TrfR cDNA constructs  is 
regulated by the intracellular iron level. In  this system, se- 
quences within the 3'-noncoding region,  which form a  stem- 
loop structure predicted by a computer algorithm, are required 
for the iron-dependent regulation of receptor expression, 
whereas the presence of the  TrfR promoter region is  appar- 
ently  not necessary (41). The 3' sequences modulate the 
cytoplasmic TrfR RNA half-life, whereby iron deprivation 
increases mRNA stability, whereas an opposite effect is elic- 
ited by iron supplementation (42). Thus,  strong evidence 
indicates that  the regulation of TrfR gene expression is largely 
mediated through post-transcriptional mechanisms. Iron 
treatment in cultured monocytes-macrophages initially in- 
duces a rise of TrfR expression at both RNA and protein 
levels, thus suggesting modulation via transcriptional  and/or 
post-transcriptional mechanisms. At later culture times, iron 
induces a  further rise of TrfR synthesis, which is associated 
with fluctuations of the Trf RNA  level. Studies are currently 
in progress in an  attempt  to clarify the molecular mechanism 
underlying these phenomena. 

Our results indicate that cultured monocytes-macrophages 
acquire the capacity to synthesize large amounts of ferritin, 
which are more elevated than in other cell types. This  phe- 
nomenon is directly related to a marked increase in both H- 
and L-ferritin RNA  levels, thus indicating a  transcriptional 
and/or  post-transcriptional activation of ferritin genes during 
in vitro monocyte-macrophage maturation. 

The synthesis of H- and  L-ferritin in the  culture mono- 
cytes-macrophages is further  stimulated by addition of iron 
salts. Since this phenomenon is associated with only a mod- 
erate rise of corresponding RNA  species, it is apparent that 
iron modulates ferritin chain expression via translational 
mechanisms. In this regard, Casey and co-workers (42,  43) 
recently showed that  an iron-responsive sequence in the 5'- 
untranslated region of the ferritin messenger  RNA mediates 
iron-dependent control of its translation. 

These studies indicate that in vitro maturation of mono- 
cytes to macrophages is linked to activation of the genes for 
TrfR  and  ferritin chains, apparently at transcriptional  and/ 
or post-transcriptional level. Iron treatment causes a  further 
rise of both TrfR  and  ferritin chain synthesis; the former is 
apparently mediated via transcriptional  and/or  post-tran- 
scriptional modulation, whereas the  latter is by a  translational 
mechanism. 

In conclusion, it is  apparent that  the intracellular iron level 
exerts  a negative feedback on  TrfR expression in cells requir- 
ing iron for their proliferation or  other functions, in contrast 

to  the positive feedback  observed in macrophages and possibly 
other iron storage cells. This positive feedback accounts for 
the iron storage capacity of human macrophages under normal 
conditions, whereas its malfunction may play a role in iron 
storage diseases. 
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