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Abstract

Transferrin receptor (TfR)-mediated endocytosis and transcytosis in enterocyte-like Caco-2 cells was
investigated in order to elucidate the transport mechanism of orally administered Tf-fusion proteins.
Cellular uptake and pulse chase studies were performed in Caco-2, MCF-7 and bladder carcinoma
(5637) cells using 12°I-labeled Tf (12°1-Tf). Co-localization studies of Rab 11 and FITC-Tf
endocytosed at either the apical or basolateral membrane were performed in polarized Caco-2 cells
grown on Transwells, using confocal laser scanning microscopy (LSM510, Zeiss). Unlike in MCF-7
or 5637 cells, where rapid recycling of Tf was observed, a significant amount of endocytosed 125]-
Tfaccumulated in Caco-2 cells. This accumulation was especially noticeable with the internalization
of 1251-Tf from the apical membrane of polarized Caco-2 cells. Confocal microscopy studies showed
that apically, but not basolaterally, endocytosed FITC-Tf was delivered to a Rab11-positive
compartment. Our results suggest that a significant amount of apically endocytosed Tf in intestinal
epithelial cells is transported to a Rab11-positive compartment, possibly a late endosomal and slow
recycling compartment. The Rab11-positive compartment may control the release of apically
internalized Tf for either slow recycling to apical membrane or processing to transcytotic
compartments.
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1. INTRODUCTION

During recent years, transferrin (Tf) and its receptor (TfR) has been developed as a potential
ligand-receptor binding system to enable drug targeting and delivery of therapeutic agents that
would normally suffer from poor pharmacokinetic characteristics [1]. TfR-directed targeting
has enabled the efficient delivery of therapeutic agents to sites of interest, including the central
nervous system [2] and malignant tissues [3,4]. In addition, by utilizing knowledge of the
intracellular sorting and recycling pathways of TfR, including Rab and PI(3)K mediated
processes [5,6], one can maximize the transepithelial delivery of peptide-based therapeutics.
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Depending upon the desired result, apparently paradoxical effects can be achieved. For
example, TfR-based strategies can selectively achieve either an accumulation of the carried
drug within targeted tissues, or the delivery of the therapeutic entity across tissues of interest

[71.

Our previous studies demonstrated that Tf-based chemical conjugation could be applied for
non-invasive delivery of therapeutic proteins across the absorptive barriers, such as the small
intestinal [8] and alveolar epithelial [9] cells, which express TfR on the surface. More
importantly, a hypoglycemic effect was observed from using orally administered insulin-Tf
conjugate in streptozotocin-induced diabetic rats [10,11]. Similarly, an increase of neutrophil
number was observed when a Tf conjugate of G-CSF was administered orally to BDF1 mice
[9,12]. However, the major obstacle with the chemical conjugation methodology is that the
chemically cross-linked products are mostly heterogeneous mixtures of various size and
composition [9] and, conceivably, are not suitable as therapeutic drugs. In addition, the high
cost of preparing Tf chemical conjugates with a reasonable purity also prohibits developing
them into marketable drugs. Consequently, recombinant DNA technology has been used to
prepare fusion proteins that consist of both Tf or anti-TfR antibody and therapeutic protein
moieties for transport and biological activity [13][14].

To demonstrate the feasibility of using a Tf-fusion protein for oral drug delivery, we recently
prepared a recombinant plasmid consisting of cDNA from both human Tf and human G-CSF
[14]. This fusion protein showed a marked effect on the increase of absolute neutrophil count
(ANC) when orally administered to BDF1 mice [14][15]. In oral administration, the fusion
protein, G-CSF-Tf, maintained an increased ANC in mice for 4 to 5 days, while only 2 days
effect was observed in subcutaneous administration of either the native G-CSF or the fusion
protein [14]. Since the life span for neutrophils is only about 12 h, this finding implies that
there is a sustained release mechanism of G-CSF-Tf transport from the intestine to the blood
stream. The fact that subcutaneously injected G-CSF and G-CSF-Tf have a similar effect on
neutrophil counts suggests that the prolonged effect of orally administered G-CSF-Tf is most
likely due to an accumulation in the intestinal epithelium, followed by a slow release into blood
circulation.

Inthis report, we use Caco-2 cells asa model to study the process of TfR in intestinal epithelium.
We found that Caco-2 cells indeed are different from other cultured cells in the recycling and
accumulation of apically internalized Tf. The accumulation of Tf in Caco-2 cells supports our
hypothesis that intestinal epithelial cells may play an important role in the sustained release of
orally absorbed Tf from the Gl tract into the circulation.

2. MATERIALS AND METHODS
2.1. Materials

Recombinant human transferrin was purchased from Sigma (St. Louis, MO). Cell culture
medium and reagents were purchased from Gibco BRL (Rockville, MD). Transwells and other
culture dishes were products of Corning (Corning, NY). All other chemicals that are not
specified above were purchased from Sigma. Transferrin was loaded with iron [16] and
iodinated using the chloramines-T method [17]. The specific activities of 1251-Tf ranged from
400 cpm/ng to 900 cpm/ng. Rabbit polyclonal antibody against Rab11 was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The rabbit polyclonal antibody against ZO-1 and
Alexa-Fluor labeled secondary antibodies were purchased from Molecular Probes (Eugene,
OR).

FITC-Tf was prepared by reacting FITC (Sigma) with human recombinant Tf with a molar
ratio of 50 to 1 in 1 ml of 1 M sodium bicarbonate, pH 9.0, under constant stirring for 1 h at
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25°C. Subsequently, the reaction mixture was dialyzed 20 h against 2 L PBS at 4°C to remove
unreacted FITC. The degree of labeling was estimated as 4 FITC per Tf molecule using the
extinction coefficients of FITC and Tf.

2.2. Cell culture

All experiments were performed using human colon carcinoma cells (Caco-2 or its subclone,
C2BBe1l), human breast adenocarcinoma cells (MCF-7), and human bladder carcinoma cells
(5637). These cells were obtained from American Type Culture Collection (Rockville, MD,
USA). The procedure used for culturing Caco-2, MCF-7 and 5637 cells was adapted from the
report by Grasset E. et al. [18], Strobl J.S. et al. [19] and Grups J.W. et al. [20] respectively.
Cells were seeded on 12-well cluster plates. Confluent cell monolayers were obtained within
a week after passage and ready for experiments. In some experiments, Caco-2 cell was seeded
on 0.4 um pore size polycarbonate filters in Transwell (Costar, Cambridge, MA) and grew for
aweek after confluence. The transepithelial electrical resistance (TEER), which was measured
by using an epithelial voltohmmeter (EVOM, World Precision Instruments, West Haven, CT),
of Caco-2 cell was 400 ohms: cm?.

2.3. Determination of cellular uptake

Confluent (6 day grown) Caco-2, MCF-7 and 5637 cell monolayers and subconfluent (3 day-
grown) Caco-2 cell monolayers grown on 12-well cluster plates were washed twice with serum
free medium at room temperature and then preincubated with serum free medium with 1 mg/
ml bovine serum albumin (BSA) at 37°C for 1 h to deplete serum Tf. Subsequently, 1251-Tf (3
ng/ml) was added to each cell lines in each well in serum free medium with 1 mg/ml BSA.
Since the concentration of Tf, i.e., 3 ug/ml or 37 nM, was about 30-fold higher than the reported
Kq (1.2 nM) for the binding of Tf to human TfR [21], all studies were under the condition that
would saturate all TfR on the surface of Caco-2 cells. After incubation for different time
intervals (15 min., 1, 2, 4, 6 and 8 h) at 37°C, cells were then washed with cold PBS (pH 7.4)
thrice and solubilized by incubation with 1 N NaOH at 37°C for 10 min. After mixing the
content of each well with a Pasteur pipette, the cell lysate was assayed for 12°| content by using
a Packard gamma counter. Non-specific binding was determined in parallel wells

containing 12%1-Tf and a 100-fold excess of unlabeled Tf. TfR-mediated cellular uptake was
calculated by subtracting non-specific surface binding from the total cellular uptake. Cellular
uptakes in subconfluent Caco-2 cells were performed similarly as in the confluent monolayers,
except that cells were grown for only 3 days and approximately a 25% confluence was
maintained.

Cellular uptake of Caco-2 grown on Transwell was similar to above description. 12°1-Tf (3
ng/ml) was added to either the apical or basolateral compartment in individual wells at 37°C
in serum free medium with 1mg/ml BSA for various time intervals incubation. The filter grown
cells were then washed with cold PBS thrice. The cell monolayer together with the filter
membrane were cut and assayed for radioactivity as cellular uptake. The cell integrity during
experiment was monitored by TEER.

2.4. Pulse chase studies

After depletion of serum Tf by preincubation (the same procedure as described in cellular
uptake study), confluent Caco-2 and MCF-7 cells were incubated with 1251-Tf (3 pug/ml) for
15 min or 4 h in serum free medium (with 1 mg/ml BSA) at 37°C. Non-specific binding was
determined in parallel wells containing 12°1-Tf and a 100-fold excess of unlabeled Tf. The
unbound 1251-Tf was then removed by three washes of serum free medium. The cells were
chased at 37°C for 2 h in the presence of excess unlabeled Tf to prevent reinternalization

of 125|-Tf. The chase medium from each sample was removed and assayed for radioactivity
by gamma counter as total release from the cells. Cell surface associated 12°1-Tf was removed
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by 5-min incubation in mild acid wash buffer. To determine the percentage of intact
recycled 12%|-Tf, chase medium, which contained 0.3 mg of unlabeled Tf, was precipitated by
incubation with 15% of trichloroacetic acid for 15 min at 4°C. After centrifugation, the
radioactivity in the precipitate and supernatant was used to measure the intact and

degraded 12°1-Tf, respectively. Finally, cells were detached by incubation with trypsin 37 °C
for 5 min and medium with BSA was added to the cells. Cells were then centrifuged down and
assayed as the intracellular retention. The sum of release, cell surface association and
intracellular retention is the total initially endocytosed 1251-Tf. Data were presented as
percentage of initially endocytosed ligands.

2.5 Confocal fluorescence microscopy

Caco-2 cell monolayers grown on 12 mm Transwells (Costar, Cambridge, MA), with about
>90% confluency, were subjected to the pulse-chase assay with FITC-Tf. However, the fields
with 100% confluency were selected for confocal analysis. After binding of FITC-Tf (45 ng/
ml) to the apical or basolateral surface of the cells for 45 min on ice, the cells were incubated
at 37°C for 30 min. The surface-bound FITC-Tf was removed by sequential PBS (containing
0.1 mM Ca2* and 0.05 mM Mg?2*) and mild acid buffer (0.15 M NaCl, 0.5 M Acetate, pH; 2.2)
washes and then the cells were fixed using 3.7% para-formaldehyde (Sigma) in PBS. The fixed
cell monolayers were permeabilized with 0.2% saponin for 5 min and blocked with 10% FBS
in PBS. Permeabilized cells were subsequently incubated with appropriate primary antibodies
diluted in 1.5% FBS in PBS. Alexa-Fluor 568 goat anti-rabbit antibody was used for the
secondary detection of the protein. The nucleus was labeled by incubation with 4',6-
diamidino-2-phenylindole, dilactate (DAPI, dilactate, Invitrogen) dye for 15 minutes on a
platform shaker. The prepared slides were subjected to the investigation using a confocal laser
scanning microscope (LSM 510 Meta NLO imaging system, Carl Zeiss). Caco-2 cell
monolayers were optically sectioned in the z-axis from the apical to the basolateral side of the
cell. The step size in the z-axis was 0.4 um.

3. RESULTS

3.1. Alinear increase of cellular uptake of Tf in Caco-2 cells

TfR-mediated cellular uptakes of Tf versus time in MCF-7, 5637, and Caco-2 cells are shown
in Fig. 1. A biphasic pattern uptake was observed in MCF-7 cells. The initial rapid phase
reached a plateau within 1 h. The second phase began after 2 h and reached a plateau within 4
h. The cellular uptake pattern in 5637 cells was similar to that of MCF-7 cells. However, in
Caco-2 cells, even though a biphasic pattern uptake was also observed, the second phase began
after 2 h increased linearly. The increase was observed up to 8 h.

3.2. Long intracellular retention of Tf in Caco-2 cells

Cells were incubated with 125]-Tf for 15 min or 4 h, and chased for 2 h as described in method
of pulse chase studies. By interpretation of percentage of initially endocytosed ligands,
intracellular retention of Tf in Caco-2 cells was about 20-fold higher than that in MCF-7 cells
when cells were incubated with 12°51-Tf for 15 min and it was about 14 fold-higher when cells
were incubated for 4 h (Table I). More than 90% of the recycled Tf in the medium could be
precipitated with TCA in both cell lines, indicating very little degradation of internalized Tf
occurred. The intracellular retention increased 3.3-fold when the incubation time was increased
from 15 min to 4 h (Table I), indicating a very slow recycling or degradation process occurred
in Caco-2 cells.
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3.3. The retention of Tf is accessible to apical side rather than basolateral side

The profile of cellular uptake of Tf through the apical side and basolateral side of Caco-2 cell
is shown in Fig. 2. The cellular uptake through apical dosing increased linearly during the
whole experiment until the experiment terminated at 4 h. However, the cellular uptake through
basolateral dosing increased linearly up to 1 h and then reached a plateau within 4 h.

3.4. Long intracellular retention of Tf was not shown in subconfluent Caco-2 cells

The cellular uptake in subconfluent Caco-2 cells (Fig. 3) increased rapidly during the first two
hours, followed by a significant slow-down of the uptake and reached a plateau. The cellular
uptake in subconfluent Caco-2 cells did not increase linearly during the 6 h experiment as that
shown in confluent Caco-2 cells.

3.5. Co-localization of FITC-Tf and Rab11 was observed only for the apically internalized

FITC-Tf

Caco-2 cells were pulsed with FITC-Tf at either the apical or basolateral membrane for 30
minutes at 37°C. Some optical sections, obtained from the galleries of the cells, from the apical
towards the basolateral membrane are shown in Fig. 4. In the collected z-series, the first z-
section from the apical surface in which the ZO-1 was first observed was set to zero. In the z-
sections located above the tight junction, a high degree of co-localization between the apically
endocytosed FITC-Tf and Rab11 was observed (Fig. 4A). The co-localization between the
apically endocytosed FITC-Tfand Rab11 is shown in the z-section located about 1.6 pm above
the tight junction (Fig. 4A, arrows). On the other hand, in the cells that FITC-Tf was
endocytosed at the basolateral membrane, the FITC-Tf was mainly found in the z-sections
localized basolaterally and under the intracellular level at which the tight junction begins to
appear (Fig. 4B). No co-localization between the basolaterally endocytosed FITC-Tf and
Rab11 was observed in the z-sections located above the tight junction.

4. DISCUSSION

Results from our recent studies of the in vivo pharmacological effect of Tf conjugates or fusion
proteins indicate that there is a sustained release of the protein drugs into the blood stream after
oral absorption via TfR-mediated transcytosis. To identify the intestinal epithelial cells as the
potential depot for the Tf-conjugates, we used enterocyte-like Caco-2 cells as a model to
investigate the intracellular processing of internalized Tf. The cellular uptake of Tf was
compared in Caco-2 cells and, as controls, two other human carcinoma cell lines, MCF-7 and
5637 cells. We found that a linear increase in cellular uptake of 125I-Tf was observed only in
Caco-2 cells, but not in MCF-7 or 5637 cells. In MCF-7 and 5637 cells, the uptake of 125|-Tf
reached a plateau within one hour (Fig. 1) which is consistent with the general belief that a
rapid recycling of TfR occurs in most mammalian cells [22]. The linear uptake of 125|-Tf,
which is unique in Caco-2 cells, was observed only from the apically, but not the basolaterally,
internalized Tf (Fig. 2) and not in subconfluent cells (Fig. 3) In addition, the pulse-chase study
also indicated that there was an accumulation of Tf in Caco-2 cells but not in MCF-7 cells
(Table I). These findings suggest that apically internalized Tf is retained longer in an
intracellular compartment in Caco-2, but not in MCF-7, cells. Furthermore, the accumulation
increases as the incubation time is prolonged from 15 min to 4 h (Table I). Since the intracellular
retention of Tf has not been reported in other cell culture studies, and has only been mentioned
recently as a regulatory mechanism for the intestinal absorption of iron [23], we believe that
it supports our hypothesis that the sustained release of orally absorbed Tf is due to the storage
of Tf in the intestinal epithelial cells.

To further demonstrate the difference between apically and basolaterally internalized Tf in
Caco-2 cells, the co-localization of Tf with Rab11-positive compartments was investigated.
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Rab11 has been shown to be involved in the slow recycling pathway of internalized Tf in non-
polarized cells [24], and both dominant positive (Q70L) and dominant negative (S25N) mutant
forms of Rab11 inhibited Tf recycling from perinuclear recycling endosomes in CHO cells
[25]. It would be of interesting to find if the targeting of endocytosed Tf to the slow recycling
compartments from the apical surface is different from that from the basolateral surface. Fig.
4 shows that a significant amount of apically internalized Tf was co-localized with Rab11,
while no such co-localization was detectable when Tf was internalized from the basolateral
surface. Conceivably, the delivery of Tf to Rab11-positive compartments can increase the
accumulation and, subsequently, the transcytosis of Tf from the apical to the basolateral
surface. However, the correlation between the accumulation in Rab11-positive compartments
and the regulatory function in iron-absorption of Tf in intestinal epithelial cells needs further
investigation.

We believe that intestinal epithelium, rather than the liver, is more likely the depot site of the
sustained release of Tf for the oral absorption. The reason is that, once delivered into the portal
vein, the Tf from the intestinal absorption will be mixed with a high concentration of
endogenous Tf in the blood before reaching the liver [26]. Such a dilution effect will unlikely
make exogenous Tf selectively retained in the liver. Therefore, it remains to be demonstrated
whether or not the retention of Tf in Caco-2 cells controls the slow transport of Tf from the
apical to the basolateral surface. A better understanding of the sustained release mechanism of
TfR-mediated transcytosis in intestinal epithelium will help to achieve an optimal efficacy for
the oral delivery of Tf-fusion proteins in therapeutics.

5. CONCLUSION

TfR-mediated endocytosis of Tf from the apical surface of polarized Caco-2 cell monolayers
is slowly accumulated inside the cell, possibly through the transport into Rab11-positive
compartments. Our results support the hypothesis that orally administered Tf can be retained
in intestinal epithelium. This retention may explain the prolonged biological effect which has
been observed when Tf-fusion proteins were administered orally in animal models.
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Fig. 1. Cellular uptake of 1251-Tf in confluent MCF-7, 5637 and Caco-2 cell monolayers
Confluent MCF-7 (open circles), 5637 (open squares) and Caco-2 (solid circles) cells grown
for 6 days on 12-well cluster plates were pre-incubated with serum free medium at 37°C for 1
h to deplete serum Tf. Subsequently, 1251-Tf (3 ug/ml) was added to cells and incubated for
different time intervals at 37°C. Cells were then washed with cold PBS and solubilized by
incubation with 1 N NaOH. The cell lysate was assayed by using a Packard gamma counter.
Non-specific binding was determined in parallel wells. Each point represents the mean of three
measurements with error bars representing the standard deviation.
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Fig. 2. Cellular uptake of 12517 in Caco-2 cells grown on transwells

12517 was added to either the apical (solid circles) or basolateral (open circles) compartment
at 37°C in serum free medium for various time intervals incubation. The filter grown cells were
then washed with cold PBS and the cell monolayer together with the filter membrane were cut
and assayed for radioactivity as cellular uptake. Non-specific binding was determined in
parallel wells. Each point represents the mean of three measurements with error bars
representing the standard deviation.
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Fig. 3. Cellular uptake of 1251-Tf in confluent and subconfluent Caco-2 cell monolayers

Caco-2 cell monolayers with approximately 25% confluence were used as subconfluent cells.
Confluent (solid circles) and subconfluent (open circles) Caco-2 cell monolayers on 12-well
cluster plates were pre-incubated with serum free medium at 37°C for 1 h to deplete serum Tf.
Subsequently, 1251-Tf was added to cells and incubated for different time intervals at 37°C.
Cells were then washed with cold PBS and solubilized by incubation with 1 N NaOH. The cell
lysate was assayed by using a Packard gamma counter. Non-specific binding was determined
in parallel. Each point represents the mean of three measurements with error bars representing
the standard deviation.
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Fig. 4. Co-localization of FITC-Tfand Rab11 was observed only for the apically internalized FITC-
Tf

Caco-2 cells were pulsed with FITC-Tf (green) at either the apical or basolateral membrane
for 30 min at 37°C, which was followed by the removal of the unbound and surface-bound
FITC-Tf by multiple PBS and acid washes. The cells were immunolabeled with primary and
fluorescent secondary antibodies against Rab11 and ZO-1 (both red). The nucleus (blue) was
labeled using DAPI. Images selected from a series of optical sections from the apical towards
the basolateral membrane of the cells pulsed with FITC-Tf at the apical membrane (A) and the
basolateral membrane (B) are shown. The intracellular level at which ZO-1 begins to appear
is set to zero (the pink arrow). Some of the co-localizations between the apically endocytosed
FITC-Tf and Rab11 are shown as white arrows in (A).
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Table 1
Comparison of the accumulation of Tf in Caco-2 and MCF-7 cells at different time of incubation

Type of Cells Accumulation (% of initial internalized Tf)2

15 min 4h
Caco-2 99+1 334118
MCF-7 0.5+0.03 2402

aThe percentage represents the mean of three measurements with the standard deviation.
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