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Am J Physiol Gastrointest Liver Physiol 304: G655-G661, 2013. First
published January 31, 2013; doi:10.1152/ajpgi.00472.2012.—Ferritin,
a food constituent of animal and vegetal origin, is a source of dietary
iron. Its hollow central cavity has the capacity to store up to 4,500
atoms of iron, so its potential as an iron donor is advantageous to
heme iron, present in animal meats and inorganic iron of mineral or
vegetal origin. In intestinal cells, ferritin internalization by endocyto-
sis results in the release of its iron into the cytosolic labile iron pool.
The aim of this study was to characterize the endocytic pathway of
exogenous ferritin absorbed from the apical membrane of intestinal
epithelium Caco-2 cells, using both transmission electron microscopy
and fluorescence confocal microscopy. Confocal microscopy revealed
that endocytosis of exogenous AlexaFluor 488-labeled ferritin was
initiated by its engulfment by clathrin-coated pits and internalization
into early endosomes, as determined by codistribution with clathrin
and early endosome antigen 1 (EEA1). AlexaFluor 488-labeled ferri-
tin also codistributed with the autophagosome marker microtubule-
associated protein 1 light chain 3 (LC3) and the lysosome marker
lysosomal-associated membrane protein 2 (LAMP2). Transmission
electron microscopy revealed that exogenously added ferritin was
captured in plasmalemmal pits, double-membrane compartments, and
multivesicular bodies considered as autophagosomes and lysosomes.
Biochemical experiments revealed that the lysosome inhibitor chlo-
roquine and the autophagosome inhibitor 3-methyladenine (3-MA)
inhibited degradation of exogenously added '*'I-labeled ferritin. This
evidence is consistent with a model in which exogenous ferritin is
internalized from the apical membrane through clathrin-coated pits,
and then follows a degradation pathway consisting of the passage
through early endosomes, autophagosomes, and autolysosomes.

intestinal iron absorption; ferritin; endocytosis

THE MAINTENANCE OF SYSTEMIC iron homeostasis is vital to
human health, given that iron deficiency is the most common
nutrition-related pathology worldwide. Iron’s essentiality, cou-
pled to its scarcity in aqueous oxidative environments, has
compelled live organisms to develop mechanisms that ensure
an adequate iron supply, with disregard to the long-term
deleterious effects derived from iron accumulation (14, 36).
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Currently there are two fully characterized sources of dietary
iron, namely heme iron present in hemoglobin and myoglobin
and nonheme iron or inorganic iron present in vegetables. The
divalent metal transporter 1 mediates the uptake of inorganic
iron while the uptake of heme iron is most probably carried out
by heme carrier protein 1 (HCP1), which mediates luminal
heme uptake in a temperature- and concentration-dependent
manner (46). Recent evidence has shown that HCP1 is also a
proton-coupled folate transporter (PCFT), since a homozygous
mutation in its gene results in hereditary folate malabsorption
(40). In addition, a study on the transport characteristics of
PCFT/HCP1 showed that heme and folate compete for trans-
port in everted duodenum from hypoxic but not from normal
mice (22). Overall, the data support a dual function for PCFT/
HCP1, primarily as a folate transporter but with a lower affinity
for heme.

A third source of dietary iron is currently emerging: ferritin,
a multisubunit protein containing caged iron (26, 52, 53).
Indeed, a recent study demonstrated that ferritin iron is ab-
sorbed from the intestinal lumen by a process different from
heme and inorganic iron absorption, and, once it is absorbed, it
behaves as a slow-release iron donor (54). Vertebrate and plant
ferritins consist of 24 o-helical subunits of H- and L-ferritin
that assemble to form a hollow shell with an outer diameter of
12 nm and an inner diameter of 8 nm (12). Vertebrate ferritins
catalyze the oxidation of ferrous ion, promoting the formation
of a ferric oxyhydroxide mineral within their inner cavity (23).
The average number of iron atoms per ferritin varies from zero
to up to 4,000, averaging 1,000-1,500 (30, 52). Specific
ferritin binding has been identified in a number of cells and
tissues, including liver, placenta, and hepatoma and lymphoid,
erythroid, and endothelium cells (1, 7, 35, 41, 48). In some cell
types, binding of ferritin is followed by internalization. Ery-
throid cells take up ferritin, and the transferred iron is sufficient
to influence iron-dependent gene expression (39).

There seems to be more than one receptor that mediates
ferritin binding. The T cell immunoglobulin and mucin do-
main-2 (TIM-2) receptor binds H-ferritin, allowing for its entry
into endosomes (5, 11). TIM-2 expression is restricted to
mouse B lymphocytes, embryonic liver, and kidney mouse
cells, and to rat oligodendrocytes (5, 55). Recently, the scav-
enger receptor class A, member 5 (Scara5) was identified in
developing mouse kidney cells as an L-ferritin receptor on the
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basis that its presence on the surface of MSC-1 cells increases
absorption of ferritin iron (24). Scara5 levels respond to cell
iron status, since iron deficiency increases sevenfold its expres-
sion in cells lacking transferrin receptors, which are responsi-
ble for primary iron uptake. A third ferritin receptor is human
transferrin receptor 1 (hTfR1) that binds both H-ferritin and
transferrin (25). H-ferritin binds to hTfR1 in six human cell
lines that include T cell and B cell precursors, ovarian cancer
cells, and kidney transformed cells (25). Submicromolar con-
centrations of transferrin inhibit binding of H-ferritin to hTfR1,
so in the presence of blood plasma the efficiency of TfR1-
mediated H-ferritin endocytosis should be low.

Previous work demonstrated that exogenous soybean ferritin
is internalized and degraded by an adaptor protein-2 (AP-2)-
dependent process, since knockdown of the p.o-subunit effec-
tively decreases its internalization and degradation (45). In a
similar study, ferritin was shown to undergo internalization by
a G protein-dependent endocytic process (18). The involve-
ment of AP-2 in horse spleen ferritin (hsFn) internalization and
degradation suggests that exogenous ferritin is internalized and
degraded through the classic route of clathrin-mediated endo-
cytosis.

At the cellular level, the route by which ferritin is degraded
and iron becomes available for intestinal absorption is un-
known. In the present study, we characterized the degradation
route of exogenous ferritin, using Caco-2 cells as a cellular
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model of intestinal epithelium. Our results indicate that, after
internalization from clathrin-coated pits, exogenous ferritin is
present in early endosomes, autophagosomes, and lysosomes.
Inhibitors of lysosomes or autophagosomes significantly inhib-
ited ferritin degradation. The characterization of the ferritin
endocytosis process paves the way for further studies intended
to intervene this iron acquisition route.

MATERIALS AND METHODS

Ferritin. Commercial hsFn (F-4503; Sigma) was diluted in PBS pH
7.4, centrifuged to 10,000 g for 30 min, and then filtered through a
Sephacryl S400 column equilibrated in PBS. The main protein peak
was collected, and the iron content of ferritin was estimated by its
absorbance at 420 nm (28). The iron content of the hsFn used in this
study contained an average of 3,200 iron atoms/ferritin molecule, as
determined by atomic absorption spectroscopy.

For confocal microscopy, hsFn was labeled with the fluorescent
probe Alexa Fluor 488 using the Alexa Fluor Protein Labeling Kit
(Invitrogen-Molecular Probes). The labeled protein (hsFn-AlexaFluor
488) was stored in the dark at 4°C. For studies of protein degradation,
ferritin was labeled with '3'I (Chilean Commission of Nuclear En-
ergy) using the Iodogen reagent (Pierce Chemical) as described (45).

Antibodies. The following antibodies were used in this study:
anti-clathrin heavy chain mouse monoclonal antibody (Calbiochem);
anti-early endosome antigen (EEA1) mouse monoclonal antibody
(BD Transduction Laboratories); anti-autophagy-related protein light
chain 3 (LC3) rabbit polyclonal antibody (Santa Cruz Biotechnology)
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Fig. 1. Codistribution of exogenous horse spleen ferritin (hsFn) with endosomal markers. Caco-2 cells grown in bicameral inserts were incubated for 20 min at
37°C with 20 nM hsFn-AlexaFluor 488. Cells were then fixed and immunostained for the endosomal markers clathrin (A) and early endosome antigen 1 (EEA1,
B) or for the lysosomal marker lysosomal-associated membrane protein 2 (LAMP2, C) as described in MATERIALS AND METHODS. Scale bars are 20 pm.
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and anti-lysosomal-associated membrane protein 2 (LAMP2) mouse
monoclonal antibody (BD Biosciences). Secondary antibodies were
AlexaFluor 546-labeled anti-rabbit- or anti-mouse-IgG (Invitrogen-
Molecular Probes).

Cells. Human Caco-2 cells (ATCC HTB37) grown in DMEM
supplemented with 10% fetal bovine serum was used. For confocal
microscopy, cells were grown on glass cover slips for 12—-14 days
before the experiment. Under these conditions, the cells grow as a
polarized monolayer with the apical/microvillus membrane toward
the culture medium. For transmission electron microscopy studies,
cells were grown for 14—16 days in bicameral inserts as descri-
bed (51).

Confocal and transmission electron microscopy. Cells were incu-
bated for 45 min at 37°C with 20 nM hsFn-AlexaFluor 488 (Invitrogen-
Molecular Probes). After being washed, the cells were fixed with freshly
prepared 4% paraformaldehyde and immunostained for either clathrin,
EEA1, LAMP2, or LC3 (Invitrogen-Molecular Probes) as previously
described (45). In all cases, the secondary antibody was labeled with

hsFn
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AlexaFluor 546. Samples were mounted in Gel Mount (Sigma Chem-
ical) and observed with a Zeiss LSM 510 Meta confocal microscope
(Carl Zeiss, Jena, Germany).

For transmission electron microscopy, cells were incubated for 45
min at 37°C with 20 nM hsFn and then fixed with 50% Karnovsky
fixative (19). Samples were then dehydrated in graded ethanol and
embedded under vacuum in Epon 812 as described (6). Epon blocks
were cut to 70-nm slices and were then sequentially stained with
0.04% bismuth subnitrate, saturated uranyl citrate, and 0.25% lead
citrate. The latter staining procedure enhances ferritin detection (2).
Sections were examined with a FEI CM-12 transmission electron
microscope.

Inhibition of lysosomal and autophagosomal activity. Ferritin
proteolysis was determined by measuring the rate of degradation of
131]-labeled hsFn as described (45). Cells were preincubated for 30
min at 37°C either with 100 wM chloroquine [a lysosomal inhibitor
(57)] or 10 mM 3-methyladenine [3-MA, an autophagy inhibitor
(49)] followed by incubation for 30 min with 20 nM '3!'I-hsFn.
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Fig. 2. Codistribution of internalized hsFn with autophagosomal compartments. A: control cells were incubated for 20 min with 20 nM hsFn-AlexaFluor 488,
fixed, and immunostained for the autophagosomal marker light chain 3 (LC3) and developed with AlexaFluor 546-labeled secondary antibody. B: cells were
incubated overnight in the absence of serum (serum deprivation) before incubation with hsFn labeled with AlexaFluor 488 and immunostaining for LC3.
Inhibition of autophagosomal or lysosomal activity was achieved by preincubation for 30 min at 37°C with either 10 mM 3-methyladenine (3-MA, C) or 100

1M chloroquine (D). Scale bars are 20 pm.
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RESULTS

Exogenous hsFn codistributes with markers of the degrada-
tion route of clathrin-mediated endocytosis. Previous work
demonstrated that exogenous soybean ferritin is internalized
and degraded by an AP-2-dependent process, since the knock-
down of the p,-subunit effectively decreases its internalization
and degradation (45). The involvement of AP-2 in hsFn inter-
nalization and degradation suggests that exogenous ferritin is
internalized and degraded through the classic route of clathrin-
mediated endocytosis, which includes internalization through
coated pits, residence in sorting endosomes, and maturation
through multivesicular bodies into late endosomes and lyso-
somes (43). Based on the hypothesis that exogenous ferritin
follows this degradation route, we characterized cellular endo-
somal compartments that codistribute with endocytosed ferri-
tin. To this end, hsFn was labeled with the fluorescent probe
Alexa 488 to determine by immunofluorescence its codistribu-
tion with clathrin, the early endosome marker EEA1, and the
late endosome/lysosome marker LAMP2.

Codistribution of hsFn with clathrin was clearly observed in
apical areas of Caco-2 cells (Fig. 1A), indicating that both
molecules share the same subcellular distribution. Similarly,
codistribution of hsFn with the early endosome marker EEA1
(Fig. 1B) and the late endosome-lysosome marker LAMP2
(Fig. 1C) was observed. Fluorescence of both EEA1 and
hsFn-Alexa 488 was detected in the peripheral cytoplasm near
the cell membrane. Regions where both EEA1 and hsFn-Alexa
488 fluorescence signals coexist were readily noticeable (Fig.
1B). LAMP2 was distributed throughout the cytoplasm, al-
though the fluorescence was more pronounced in the peripheral
cytoplasm. The codistribution of hsFn and LAMP2 signals was
discrete, circumscribed to small granular regions in the periph-
eral cytoplasm (Fig. 1C).

Internalized ferritin reaches autophagic compartments. The
autophagosome-lysosome pathway contributes to the degrada-
tion of senescent organelles and proteins, including endoge-
nous ferritin (13, 32). Because a connection between the
phagocytic and autophagic systems has been acknowledged
(8), we hypothesized that the degradation routes for endoge-
nous and exogenous ferritin may coincide at the autophago-
some level. To test this hypothesis, we carried out confocal
microscopy experiments to search for possible interactions
between hsFn and LC3, a component of the autophagosome
membrane that has been widely used to study autophagy
(33, 50).

Codistribution of hsFn-Alexa 488 with LC3 was evaluated
under normal experimental conditions and under serum depri-
vation, a condition that triggers autophagy (34). Under control
culture conditions (10% FCS medium), there was a significant
coincidence between hsFn and LC3 fluorescence in cytoplas-
mic domains (Fig. 24), suggesting that both molecules share
the same subcellular localization. Induction of autophagy by
serum deprivation resulted in enhanced LC3 fluorescence and
multiple spots of codistribution with hsFn throughout the
cytoplasm (Fig. 2B). To further assess the interaction between
hsFn and autophagosomes, codistribution of hsFn and LC3 was
studied after treatment with 3-MA, a specific autophagy inhib-
itor that suppresses the formation of autophagosomes through
the inhibition of class III phosphoinositide 3-kinase (4, 38).
Inhibition of autophagosome formation by 3-MA resulted in a
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decrease of LC3 fluorescence intensity (Fig. 2C). This decrease
was possibly the consequence of inhibition of the expression of
LC3 by 3-MA. The intracellular hsFn fluorescence signal also
decreased and HsFn-LC3 codistribution was greatly impaired
(Fig. 2C). Similarly, inhibition of lysosome activity with chlo-
roquine resulted in a decrease in LC3 fluorescence intensity
and a decrease in the hsFn fluorescence signal compared with
the control (Fig. 2D).

Intracellular distribution of internalized ferritin. Transmis-
sion electron microscopy in Caco-2 cells preincubated with
iron-loaded hsFn showed electron-dense particles 6—7 nm in
diameter (Fig. 3A). This particle size corresponds to that of
ferritin molecules with high iron content (12). Incubation of
cells with hsFn resulted in the presence of electrodense aggre-
gates inside the cells (Fig. 3B) that were absent in cells not
incubated with hsFn (Fig. 3C). Analysis of bicameral insert-
grown cells revealed that they form a monolayer of polarized
cells whose apical surface formed typical microvilli (Fig. 4A).
After incubation, hsFn was detected in several apical compart-
ments, including deep plasmalemmal membrane pits (Fig. 4B)
and tubule-vesicular structures, located in the peripheral cyto-
plasm (Fig. 4, C and D) described before as early endosomes
(20). Besides, hsFn was detected in ~500-nm double-mem-
brane structures with the morphological features of autopha-

Fig. 3. Micrograph from transmission electron microscopy illustrating hsFn
detection. A: hsFn X160,000 magnification, showing electron-dense cores of
7-8 nm in diameter. B: representative image of a cell incubated for 20 min at
37°C with 20 nM hsFn. The panel on the right shows a magnification of an
electron-dense aggregate. C: image of a cell without preincubation with hsFn.
Note the absence of large electron-dense cores.
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20 nM hsFn in DMEM before processing for transmission electron microscopy. A: view of the apical region of the cells showing microvilli (mv) and
electron-dense material in intracellular structures (arrow). B: plasma membrane-coated pit (cp) containing hsFn (arrow). C and D: tubular-vesicular structures
in the peripheral cytoplasm containing hsFn (arrows). E and F: double-membrane structures, containing hsFn and amorphous electron-dense material, interpreted
as autophagosomes (ap). These structures were seen invariantly surrounded by rough endoplasmic reticulum (er). G and H: multivesicular bodies (mb) containing

hsFn and amorphous electron-dense material. Scale bars are 200 nm.

gosomes (33, 47, 56) (Fig. 4, E and F). These structures
enclosed hemosiderin bodies consistent with individual hsFn
molecules aggregating into electron-dense bodies. These he-
mosiderin bodies have been described as the initial product of
ferritin degradation in iron-loaded cells (15, 42). In addition,
we detected hsFn in electron-dense multimembranous bodies
reminiscent of multivesicular bodies and autolysosomes (Fig.
4, G and H).

Inhibition of lysosome or autophagosome activity decreases
the degradation of hsFn. The generation of trichloroacetic acid
(TCA)-soluble radioactivity from radioactive-labeled proteins
is an established criterion to evaluate autophagic or lysosomal
activity (10). To evaluate further the role of autophagosomes
and lysosomes in hsFn degradation, we analyzed the TCA-
soluble material from cells incubated with '*!I-labeled hsFn
under conditions of inhibition of lysosomal (chloroquine) or
autophagosomal (3-MA) activity (Fig. 5). Both chloroquine
and 3-MA treatments significantly inhibited hsFn degradation
(P < 0.001 compared with control cells). As expected, degra-
dation was largely inhibited (to 14.8% of control) in cells
incubated a 4°C, an indication that degradation requires an
active endocytic process. It is important to note that the
inhibitors 3-ME and chloroquine are not specific for the au-
tophagosomic or the endocytic processes; thus, off-target ef-
fects cannot be ruled out.

The sum of the above evidence suggests that, at the onset of
the endocytic process, exogenous hsFn is internalized via
clathrin-coated pits. After internalization, hsFn follows a deg-
radation pathway that includes early endosomes, autophago-
somes, and autolysosomes.

DISCUSSION

Endocytosis of the ferritin molecule is a highly efficient
mechanism for the absorption of hundreds or thousands of
dietary iron atoms per endocytic event (54). Knowledge on the

cellular and molecular structures associated with this process
becomes relevant to understand this new route of body iron
acquisition. In the present study, we identified in Caco-2 cells,
a model of intestinal epithelia, the endosomal compartments
that exogenous hsFn reaches before its intracellular degrada-
tion. We found both by confocal and transmission electron
microscopy that hsFn internalizes via clathrin-coated pits.
Because clathrin-mediated endocytosis involves the recruit-
ment of specific receptors into coated pits, our findings lend
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Fig. 5. Effect of lysosomal and autophagosomal inhibitors on 3'I-labeled hsFn
degradation. Cells were incubated for 60 min at 37°C with 20 nM '>*I-labeled
hsFn in the absence (control) or the presence of 10 mM 3-MA or 100 uM
chloroquine. As a negative control, cells were incubated with '?°I-labeled hsFn
for 1 h at 4°C. Values represent means * SE of a representative experiment
(n = 3). *P < 0.0l and *** P < 0.001 by Dunnett’s post hoc test.
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support to the presence of specific ferritin receptors on the
apical surface of absorptive enterocytes, such as polymeric
immunoglobulin and low-density lipoprotein receptors (3, 16).

The question arises as to the nature of the ferritin receptor in
enterocytes since, as mentioned before, three proteins have
been identified in this class: TIM-2, Scara5, and TfR1. TIM-2
is strongly regulated by cell iron levels, but it does not seem to
be a likely enterocyte ferritin candidate since its expression is
restricted to immune system cells (5, 44). The bacteria-scav-
enger receptor Scarad is another possible candidate for an
enterocyte ferritin receptor. Scara5 expression is mostly asso-
ciated to epithelia cells, although, at difference with TIM-2,
cell iron levels do not regulate its expression (17). In addition,
the presence of Scara5 in intestinal epithelia cells has not been
reported. TfR1 is yet another possible candidate; it is expressed
in enterocytes where it mediates basolateral iron uptake (37),
and the enterocyte apical membrane contains TfR1 (21).
Hence, TfR1 is present in the right cell type and in the correct
cellular localization.

In this work, we found that internalized hsFn codistributed
with the early endosome marker EEA1. Similarly, by trans-
mission electron microscopy, we detected hsFn in tubule-
vesicular structures near the apical plasma membrane. These
observations indicate that, after internalization, hsFn was de-
livered to early endosomes. In canonical receptor-mediated
endocytosis, early endosomes mature into late endosomes,
multivesicular bodies, and lysosomes (27). Most probably
internalized hsFn partly followed this path since it codistrib-
uted with the lysosomal marker LAMP2, and its degradation
was inhibited by the lysosomotropic agent chloroquine.

Electron microscopy of cells incubated with hsFn revealed
purported ferritin granules in double-membrane compartments
with the morphological features of autophagosomes. The dis-
covery of hsFn in these compartments prompted us to evaluate
its possible passage through autophagic compartments. Cells
widely use the autophagosome-autolysosome route for degra-
dation of senescent organelles and protein aggregates (9, 29,
31). Within this route, fusion of autophagosomes with lyso-
somes bring about the process by which autophagosomal
content reaches lysosomes. Our confocal microscopy experi-
ments indicated the codistribution of hsFn with LC3-positive
compartments. Moreover, serum starvation, which stimulates
autophagy, resulted in increased intracellular hsFn, whereas
inhibition of autophagy with 3-ME resulted in decreased in-
tracellular hsFn. These observations indicate that, in its degra-
dation route, exogenous hsFn traffics through autophagic com-
partments before its destination to lysosomes. The signal of
hsFn fluorescence codistributing with the lysosome marker
LAMP?2 was smaller than that codistributing with the autopha-
gosome marker LC3 (compare Figs. 1C and 2A4), suggesting
that the hsFn protein coat was degraded upon reaching lyso-
somes.

The question remains as to whether ferritin endocytosis
responds to the requirements of iron of the enterocyte or
responds to a mechanism aimed to provide amino acids under
starvation conditions. In preliminary experiments, we found
that endocytosis of hsFn had a similar rate in iron-replete and
in iron-starving cells (data not shown), whereas stimulation of
autophagy by serum depletion increased the amount of inter-
nalized hsFn and the degree of codistribution between LC3 and
hsFn (Fig. 2B). These observations suggest that ferritin endo-
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cytosis responds to starvation rather than to iron deficiency
signals, although further experiments are needed to analyze
specifically this point.

In summary, our previous results (45, 54) and those of this
study are consistent with a mechanism for dietary iron absorp-
tion in which iron-loaded ferritin binds to a receptor in the
apical membrane of the enterocyte and is internalized via
clathrin-coated pits. Once inside the cell, ferritin follows a
degradation route through early endosomes, autophagosomes,
and lysosomes, which digest the protein coat and deliver the
ferritin-associated iron to the cytoplasm by a slow-release
mechanism. Two future questions arising from this study entail
1) the nature of the intestinal ferritin receptor and, most
important, 2) the signals that govern ferritin endocytosis by the
enterocyte.
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