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INTRODUCTION

The interaction between plant lectins and intestinal ep-
ithelial cells is of interest for various reasons. First, a variety
of plant lectins is part of the regular diet of humans and farm
animals (1). Some of these lectins, such as phytohemagglu-
tinin from Phaseolus vulgaris, may cause an acute intestinal
syndrome with nausea, vomiting, and diarrhea, if kidney
beans are consumed raw or poorly cooked (2,3). Other lec-
tins, such as tomato lectin from Lycopersicum esculentum,
are apparently nontoxic. This lectin is ingested with the con-
sumption of raw tomatoes in relatively large amounts (100—
200 mg a year, (4)) and has been found to bind to the intes-
tinal villi without deleterious effects (5). Second, there is
interest in lectins in the context of drug delivery with the aim
of improving the oral bioavailability of poorly absorbed
drugs, such as peptides and proteins, through a prolonged
and/or intensified contact to the intestinal mucosa. Nontoxic
lectins can possibly be used to achieve specific binding of
such systems to the epithelial cell surface (6). In addition,
tomato lectin has also been reported to cross the tissue of rat
everted intestinal sacs in vitro by a mechanism involving
adsorptive endocytosis (7). After feeding of radiolabeled
phytohemagglutinins to mice, a relatively high fraction (5-
10%) of the dose appeared in the blood, and it has been
suggested that lectins may be used to enhance the absorption
of macromolecular drugs or drug carriers from the digestive
tract (8). In this study, we compared bioadhesion of the
aforementioned lectins and bovine serum albumin (BSA)
with their transport across filter-grown monolayers of the
human colon carcinoma cell line Caco-2 (9). These mono-
layers have tight junctions and resemble structurally and
functionally the intestinal epithelium, making them a suitable
model for studying drug transport phenomena under con-
trolled conditions in vitro (10,11). In this study, we did not
observe significantly enhanced transport of bioadhesive lec-
tins due to adsorptive endo-/transcytosis in comparison with
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the transport of a nonadhesive protein (albumin) by fluid-
phase transcytosis.

MATERIALS AND METHODS

BSA (fraction V powder; 70 kDA) was purchased from
Sigma (St. Louis, MO), tomato lectin (TL; 71 kDa) from
Vector (Burlingham, CA), and phytohemagglutinin L, (PL;
117 kDa) and phytohemagglutinin E, (PE; 117 kDa) from
EY-Labs (San Mateo, CA). The (glyco)proteins were labeled
with '>°I as described previously (6). Free label was removed
by gel chromatography (Econo-Pac 10 DG desalting col-
umns, Bio-Rad), followed by repeated ultrafiltration {Ul-
trafree-MC, low-binding PLGC (10,000 NMWL) membrane,
Millipore] immediately prior to the experiments and until the
radioactivity in the filtrate was less than 2% of the total
radioactivity. *H-Mannitol (ICN, Irvine, CA) was evapo-
rated to dryness under a nitrogen stream to remove volatile
tritium immediately prior to each experiment. HRP (type
VIa) was purchased from Sigma.

Caco-2 cells (passages 25-46) were a gift from Dr. W. C.
Shen (University of Southern California, Los Angeles) and
kept in culture as previously described (6). Cells were
seeded (60,000 cells/cm?) on collagen-coated Transwell-
COL, 0.4-pm-pore size tissue culture inserts (Costar, Cam-
bridge, MA). Confluence was verified by phase-contrast mi-
croscopy and by measuring the transepithelial electrical re-
sistance (TEER) using an electric volt/ohm meter (EVOM,
World Precision Instruments, Sarasota, FL) with a pair of
chopstick electrodes. Monolayers were used for experi-
ments 21 = 2 days after seeding, the TEER being in a range
between 150 and 200 € - cm? after subtracting the resistance
of blank filters.

For transport and binding studies, Caco-2 cell monolay-
ers were grown on 24.5-mm transwells in six-well plates (sur-
face, 4.71 cm?; apical volume, 1.5 mL; basolateral volume,
2.5 mL). Monolayers were first equilibrated with glutathi-
one-bicarbonate Ringer’s solution [GBR (12)] containing
0.5% BSA for 30-60 min at the temperature of the experi-
ment. To study the transport of iodinated BSA, BSA-free
GBR was used. Either 150 pL (apical) or 250 pL (basolat-
eral) buffer, respectively, was removed and replaced by the
same volume of a donor stock solution, containing radiola-
beled (glyco)protein in GBR. Concentrations were chosen to
yield a final concentration in the donor compartments of 43
nM for all (glyco)proteins (i.e., 3 pg/mL for TL or BSA and
5 ng/mL for PL and PE), corresponding to 10° cpm/mL ra-
dioactive tracer. To study concentration dependence of bind-
ing and transport, the three lectins were also used at a 430
nM concentration, and BSA in GBR containing 0.5% BSA.
Every hour, TEER was measured, and a sample (1.0 mL)
taken from the receptor compartments and replaced by fresh
GBR (0.5% BSA). At the end of the experiment, the mono-
layers were washed quickly with ice-cold saline and lysed in
0.3 N NaOH/1% Triton X-100 for 15 min at 37°C to count
cell-associated radioactivity.

Lectin effects on the barrier properties of Caco-2 cell
monolayers were studied in 12-mm Transwells in six-well
plates (surface, 1.13 cm?; apical volume, 0.6 mL; basolateral
volume, 1.0 mL), all from the same passage. After 1 hr of
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incubation at 37°C with GBR, containing 0.5% BSA and 1
mM mannitol, TEER was measured and an appropriate vol-
ume in either compartment was replaced by a lectin stock
solution. For the control experiments, this step was omitted.
Subsequently, 60 or 100 pL, respectively, of the lectin-
containing compartment was replaced by the same volume
of a stock solution of the marker molecules, yielding a final
donor concentration of 1 mg/mL HRP and 10° cpm/mL *H-
mannitol. Incubation was continued at 37°C. *H-Mannitol
was measured in hourly samples (50 pL) by scintillation
counting. Another 50 pLL was assayed for HRP activity by
the o-dianisidine colorimetric method (13). At the end of the
experiment, TEER was measured again, and the monolayers
were washed and lysed in 1.0 mL 0.1% Triton X-100 in water
(14) to determine the amount of cell associated radioactivity
and HRP activity.

RESULTS AND DISCUSSION

The amount of BSA or lectins which was bound to or
internalized by Caco-2 cells after 5 hr under various condi-
tions is shown in Fig. 1. In contrast to the nonadhesive BSA,
the three lectins showed remarkable bioadhesion to the api-
cal and to the basolateral side of Caco-2 cell monolayers.
The affinity was ranked PE > PL ~ TL, and the affinity to
the apical side was about 1.5-2 times stronger than to the
basolateral side. In the presence of a 10-fold excess of unla-
beled lectin, the amount of cell-associated radioactivity was
reduced by approximately 50%, indicative of specific, satu-
rable lectin—cell interaction. Lowering the temperature to
5°C at 43 nM significantly reduced bioadhesion of PE and
TL, but not of PL, indicating that cell interaction of the first
two lectins involves at least partly a temperature-dependent
process such as endocytosis.

Transport of BSA and lectins across Caco-2 cell mono-
layers in the same experiments in terms of total radioactivity
(i.e., intact plus degraded proteins) was very low (Fig. 2).
Unlike binding/uptake, transport of the four macromolecules
was very similar and symmetric, with some exception for
PE. While the transport of all other components was linear,
with an apparent permeability of the order of 1078 to 10~7
cm/sec, PE showed exponentially increasing transport with
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time. Furthermore, transport of this lectin was asymmetric,
the area under the transport—time curve {AUC) being about
two times larger in the basolateral-to-apical (B — A) than in
the apical-to-basolateral (A — B) direction, and showed a
slightly significant (P < 0.1) inhibition of about 50% in both
directions by a 10-fold excess of unlabeled lectin.

The three- to fivefold reduction of transport at 5°C (Fig.
2) and the almost-complete degradation of the radioactive
tracer in the receiver samples (trichloroacetic acid precipi-
tation; data not shown) are indicative of a transcytotic pro-
cess. Surprisingly, lectin transport was far less dependent on
binding to the cell surface than expected and must have oc-
curred predominantly by fluid-phase rather than adsorptive
transcytosis. A certain adsorptive component was observed
only for PE transport, but the total amount of transcytosed
PE (AUC) was not much higher than that of the other three
macromolecules (Fig. 2).

Such apparent uncoupling between surface binding and
transcytosis has been reported by Ryser et al. (15) in the
interaction of heparin with cultured cells. Apparently, extra-
cellular heparin binds to a network of surface macromole-
cules (fibronectin) which do not participate in membrane
vesiculation, thereby preventing rather than enhancing en-
docytosis of extracellular ligands. By analogy, lectins may be
recognized by specific oligosaccharide sequences in the gly-
cocalyx of epithelial cells (16) and are prevented from being
internalized. Nevertheless, the temperature-sensitive cell as-
sociation of TL and PE, but not of PL (Fig. 1), indicates that
some of the lectins did undergo adsorptive endocytosis. The
ligands might remain bound to the membrane and are not
released or they may be recycled back to the cell surface
rather than being transcytosed.

The lectin effects on the barrier properties of Caco-2
monolayers are shown in Table I. Transport of mannitol,
which was symmetrical, with an apparent permeability co-
efficient of about 10° cm/sec, did not show any significant
deviations from the control treatment under the influence of
any lectin at any concentration or site of application. Cell-
associated radioactivity, indicating binding or uptake by the
cells, was negligible in all cases (not shown). In contrast,
transport of biologically active HRP was barely detectable in
the A — B direction, but 10-100 times more and exponen-
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Fig. 1. Binding/uptake of radiolabeled (glyco)proteins by Caco-2 cell monolayers. Bars represent mean = SD (n = 6-9).
Black bars—reference (43 nM, 37°C); hatched bars— 10-fold excess of unlabeled lectin, 37°C; open bars—43 nM, 5°C.
Each macromolecule was studied in separate experiments, all treatments in triplicate, using up to 18 monolayers (three
plates) of the same passage at a time. Left: Incubation of the apical side. Right: Incubation of the basolateral side. * and
+* indicate significance at P < 0.1 or P < 0.05, respectively (nonparametric U test). For basolateral TL, inhibition by a
10-fold excess of cold lectin failed to reach statistical significance due to relatively large passage-to-passage variations, but
significant inhibition was always observed within the same experiment.
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Fig. 2. Transport of radiolabeled glycoproteins across Caco-2 cell monolayers. Left: Apical-to-basolateral (A — B) direc-
tion. Right: Basolateral-to-apical (B — A) direction. For details see the legend to Fig. 1.

tially increasing with time in the B — A direction. This find-
ing is consistent with that of Heyman et al. (17). At the end
of the 5-hr experiment, much more HRP activity was found
associated with the cells after exposure to the basolateral
side than to the apical side. In the presence of 50 pg/mL (430
nM) PE in the basolateral donor compartment, transport of
HRP in the B — A direction started to increase dramatically
after about 2 hr of incubation (not shown). Simultaneously, a
significant drop in TEER was noticed at the end of the ex-
periment, indicating lowering of the barrier function of the
monolayer. The same concentration of PE which induced
these effects (Table I) competitively inhibited the transport of
radioactive PE tracer (Fig. 2). A correlation between lectin
binding and extent of lectin-induced changes in the cellular
morphology and metabolism of Caco-2 cells has been re-

ported earlier (18,19), including effects on the actin cytoskel-
eton which lead to a shortening of microvilli (20). Because
the cytoskeleton is also intimately associated with the tight
intercellular junctions (21), it may be speculated that such
lectins increase the paracellular permeability of the intestinal
epithelium. Depending on the dose and length of exposure,
they may eventually promote their own absorption along
such a route, with only a minor amount undergoing transcy-
tosis.

In summary, the three lectins investigated showed only
a marginally, if any, enhanced transcytosis across Caco-2
cell monolayers, in spite of specific binding and partial in-
ternalization by these cells. As far as this model is represen-
tative of the native intestinal mucosa, the reported relatively
high oral bioavailability of some toxic lectins is probably due

Table I. Effect of Lectins on Barrier Properties of Caco-2 Cell Monolayers”

Apical to basolateral

Basolateral to apical

HRP TEER HRP TEER
(% of (% of
Mannitol, Bound AUC initial Mannitol, Bound AUC initial
P, (cm/sec) * 107 (ng/lem®  (ng/em® « hr)  value) P, (cm/sec) * 107 (ng/em®  (ng/cm? = hr) value)
Control 11.5 262 12.4 102.5 7.9 1540 52.0 82.2
©0.7) (73) (8.0) 4.0) ©.1) (180) 5.3) 4.0)
TL
43 nM 12.0 90 2.4 109.6 11.6 1489 74.5 113.4
©.1) (15) 1.7) “.1) 0.3) (1064) (7.6) 2.7
430 nM 10.4 128 4.5 117.3 11.4 908 68.6 105.0
0.3) (53) (1.4) 2.7 0.2) (300) .9 9.6)
PL
43 nM 13.5 198 18.3 88.5 8.5 1097 76.5 81.7
(0.6) @7 2.2) 0.4) (0.04) (165) (16.8) 2.3)
430 nM 11.6 214 18.0 85.6 8.9 1020 48.4 78.0
0.4) 43) 1.7) 6.2) (0.03) (342) 6.2) 4.1)
PE
43 nM 11.8 274 13.5 87.0 8.7 1405 61.5 91.5
0.2) (169) Q.1 3.1 (0.08) (352) (16.9) (8.8)
430 nM 11.7 236 14.5 75.4 11.8 2377 637* 47 .9*
0.5) (122) (1.1) 4.4) ©.1) (1899) 257) 6.9)
ANOVA n.s. n.s. n.s. n.s. n.s. n.s. P <0.05 P < 0.05

¢ Transport of marker compounds (*H-mannitol, HRP) and TEER during 5 hr of incubation at 37°C. Numbers are the means (SD) of three
replications. All experiments were performed simultaneously using the same passage of cells. Mannitol data indicate the apparent
permeability, calculated by linear regression. HRP data indicate the amount of cellular bound and of transported enzyme, respectively, the
latter expressed as AUC of the nonlinear transport—time curve. Statistical analysis was done by one-way-ANOVA for the apical and
basolateral treatments separately and testing for homogeneous groups on the basis of the 95% confidence intervals.



Binding and Transport of Plant Lectins

to lectin-induced changes in cellular morphology and metab-
olism, leading to an impaired barrier function of the gastro-
intestinal epithelium. Specifically, enhanced transcytosis of
macromolecular drugs by bioadhesive carriers will require
the identification of ligands which (i) are effectively internal-
ized, (ii) are effectively transcytosed rather than being de-
graded or recycled, and (iii) do not affect the natural barrier
function of the epithelium provided by tight intercellular
junctions.
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