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Epithelial cells of the respiratory and gastrointestinal tracts are extremely vulnerable to the cytotoxic effects
of ricin, a Shiga-like toxin with ribosome-inactivating properties. While mucosal immunity to ricin correlates
with secretory immunoglobulin A (IgA) antibody levels in vivo, the potential of IgA to protect epithelial cells
from ricin in vitro has not been examined due to the unavailability of well-defined antitoxin IgA antibodies.
Here we report the characterization of four monoclonal IgA antibodies (IgA MAbs) produced from the Peyer’s
patches and mesenteric lymph nodes of BALB/c mice immunized intragastrically with ricin toxoid. Two IgA
MAbs (33G2 and 35H6) were active against ricin’s lectin subunit (RTB), and two (23D7 and 25A4) reacted with
the toxin’s enzymatic subunit (RTA). All four IgA MAbs neutralized ricin in a Vero cell cytotoxicity assay,
blocked toxin-induced interleukin-8 release by the human monocyte/macrophage cell line 28SC, and protected
polarized epithelial cell monolayers from ricin-mediated protein synthesis inhibition. 33G2 and 35H6 reduced
ricin binding to the luminal surfaces of human intestinal epithelial cells to undetectable levels in tissue section
overlay assays, whereas 23D7 had no effect on toxin attachment. 23D7 and 25A4 did, however, reduce ricin
transcytosis across MDCK II cell monolayers, possibly by interfering with intracellular toxin transport. We
conclude that IgA antibodies against RTA and RTB can protect mucosal epithelial cells from ricin intoxication.

Recent bioterrorism incidents in the United States and
abroad have alerted public health officials to the need for
vaccines and therapies against pathogens and toxins previously
deemed to be of little concern (2, 7, 27). Ricin, for example, is
an extremely potent toxin that is easily purified in high con-
centrations from its natural source, the castor bean (Ricinus
communis). Ricin (molecular weight, 64,000) is a relatively
simple toxin consisting of an enzymatic A subunit (RTA) and
a binding B subunit (RTB) joined by a disulfide bond (32). Its
potency is attributed in part to the fact that RTB is a bivalent
lectin with specificities for ubiquitous glycoproteins and glyco-
lipids containing B(1-3)-linked galactose or N-acetylgalacto-
samine residues (4), which enable the toxin to bind and be
internalized by all known cell types. The toxic properties of
ricin are further compounded by RTA, which is an extremely
efficient N-glycosidase specific for a highly conserved adenine
residue in the so-called sarcin/ricin loop of eukaryotic 28S
rRNA (9). Due to the absence of a specific vaccine or therapy,
treatment of individuals intoxicated with ricin is strictly sup-
portive (3).

As an agent of bioterrorism, it is feared that ricin will be
disseminated by aerosol or food/water supplies, thereby poten-
tially exposing humans via the respiratory or gastrointestinal
tract. It is known from animal studies that both mucosal com-
partments are susceptible to ricin intoxication. Monkeys or
rodents exposed to aerosolized ricin (~20 to 40 pg/kg) develop
necrotizing airway lesions, interstitial edema, pulmonary in-
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flammation, and widespread damage to the respiratory epithe-
lium (6, 45). Rodents exposed to ricin (5 to 10 mg/kg) by the
intragastric route develop widespread villus atrophy, mucus
secretion, swelling of interepithelial spaces, separation of the
epithelium from the lamina propria, and sloughing of entero-
cytes from the tips of villi (39; J. M. Yoder and N. Mantis,
unpublished data). In both situations, it is clear that epithelial
cells are a primary target for ricin.

Vaccinologists have long appreciated the need to stimulate
mucosal immunity against ricin in both the respiratory and
gastrointestinal tracts to confer protection against a mucosal
toxin challenge (19, 21, 22, 27, 34, 46). This is best exemplified
by the fact that mice vaccinated parenterally with ricin toxoid
(RT) are immune to ricin administered systemically but are
only partially protected against ricin administered as an aero-
sol (19, 34). Mucosal immunity to ricin was achieved in the
respiratory tract when animals were immunized intranasally or
intragastrically (i.g.), correlating with the production of secre-
tory immunoglobulin A (S-IgA) antibodies in bronchoalveolar
lavage fluids (15, 16, 22, 46). However, direct proof that
S-IgA can safeguard mucosal epithelia from ricin intoxica-
tion is lacking.

In this paper, we describe the production and characteriza-
tion of four monoclonal IgA antibodies (IgA MAbs) derived
from the Peyer’s patches and mesenteric lymph nodes of mice
immunized intragastrically with RT. Two of the IgA MAbs
were directed against RTA (23D7 and 25A4), and two were
directed against RTB (33G2 and 35H6). Each of the four IgA
MADs was capable of protecting polarized epithelial cell
monolayers from ricin intoxication, although apparently by
different mechanisms. These data demonstrate for the first
time that IgA antibodies against RTA and RTB can neutralize
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ricin in vitro, and they implicate this class of antibodies as a
first line of defense against ricin in vivo.

MATERIALS AND METHODS

Chemicals and reagents. Unlabeled and biotinylated derivatives of ricin (Ric-
inus communis agglutinin II), as well as polyclonal goat anti-RCA-I/II antiserum,
were purchased from Vector Laboratories (Burlingame, CA). Hanks balanced
salt solution, HEPES, horseradish peroxidase (HRP) conjugated to avidin, and
bovine serum albumin (BSA) were purchased from Sigma (St. Louis, MO).
Tween 20 was obtained from Bio-Rad (Torrance, CA), and paraformaldehyde
(16%) was purchased from Electron Microscopy Sciences (Fort Washington,
PA). Mowiol was purchased from Calbiochem, and mounting medium contain-
ing 1,2-diazobicyclo-[2,2,2]-octane (DABCO; Sigma) was made as described
previously (18). All media for cell culture were prepared by the Wadsworth
Center media facility.

Production and screening of antiricin IgA MAbs. Female BALB/c mice of
approximately 8 weeks of age were primed by intraperitoneal injection with RTB
(50 pg) on day 0 and then immunized i.g. on days 17 and 27 with a cocktail (0.5
ml) containing RT (250 pg), RTB (50 wg), cholera toxin (5 wg), and a mixture
of protease inhibitors consisting of 4-(2-aminoethyl)benzenesulfonylfluoride-
HCL (500 pM), aprotinin (150 nM), E-64 (1 wM), EDTA (500 pM), and
leupeptin (1 pM) (Calbiochem). On day 34, all mice had detectable antiricin IgG
and IgA Abs in their sera and feces, as determined by an enzyme-linked immu-
nosorbent assay (ELISA) (data not shown). Mice were boosted on day 37 and
sacrificed on day 42. Total Peyer’s patch and mesenteric lymph node lymphocytes
from immunized animals were fused with the myeloma cell line P3X63.Ag8.653
(CRL-1580; American Type Culture Collection [ATCC], Manassas, VA), as
done by others (1). Hybridomas (0.1 ml) were seeded into 96-well microtiter
plates with a layer of irradiated MRC-5 cells (ATCC) (applied 24 h earlier) and
were then fed daily for 10 days. Hybridoma supernatants were screened by
ELISA for IgA and IgG antibodies that reacted with ricin holotoxin. Hybridomas
from positive wells were cloned by limiting dilution a minimum of three times
(17). Stable hybridomas were initially cultured in a 1:1 mixture of RPMI 1640
and NCTC-109 containing 10% fetal bovine serum plus penicillin-streptomycin
and were eventually transitioned to CD Hybridoma serum-free, protein-free
medium (Gibco-Invitrogen, Carlsbad, CA) without antibiotics. Three indepen-
dent fusions with six mice each were performed for this study. RT was produced
essentially as described by Yan and colleagues (46).

ELISAs. NUNC Maxisorb F96 microtiter plates (Krackeler Scientific, Albany,
NY) were coated overnight at 4°C with 0.1 pg of ricin (or RTA or RTB) per well
in a volume of 0.1 ml in phosphate-buffered saline (PBS; pH 7.4). Microtiter
plates were washed with PBS-Tween 20 (PBS-T; 0.05% [vol/vol]), blocked with
goat serum (2% [wt/vol] in PBS-T), and overlaid with serum or fecal extracts
diluted in blocking solution. Secondary goat anti-mouse IgG- and IgA-specific
antibodies labeled with HRP were obtained from Southern Biotech (Birmingham,
AL). ELISA plates were developed with one-component TMB colorimetric sub-
strate (Kirkegaard & Perry, Gaithersburg, MD) and were read using a SpectraMax
250 microtiter plate reader equipped with Softmax software (Molecular Devices,
Union City, CA). Averages and standard errors (SE) between duplicate samples
were calculated using Softmax and Excel 2003.

Western blot analysis. Ricin, RTA, or RTB was boiled for 10 min in Laemmli
sample buffer (with or without 5% [vol/vol] B-mercaptoethanol), size fraction-
ated in precast sodium dodecyl sulfate (SDS)-12% polyacrylamide gels (Bio-
Rad), and transferred to nitrocellulose membranes (0.45-pwm pore size; Bio-Rad)
via semidry electroelution. Nitrocellulose membranes were blocked with goat
serum or BSA (2% [wt/vol] in PBS-T) and were then incubated with IgA MAbs
(~2 pg/ml) for 1 h at room temperature. Membranes were then probed with goat
anti-mouse IgA conjugated to HRP (0.4 pg/ml; Southern Biotech), developed
using an enhanced chemiluminescence (ECL) detection kit (Bio-Rad), and ex-
posed to Kodak X-OMAT film (Fisher Scientific). Polyacrylamide gels were
routinely stained with Gel Code Blue (Pierce) to visualize proteins.

Vero cell cytotoxicity assays. Vero cells (CCL-81; ATCC) were grown rou-
tinely in Dulbecco’s minimal essential medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and were maintained in a humidified incubator
(37°C, 5% CO,). For cytotoxicity assays, Vero cells were trypsinized, seeded
into 96-well microtiter plates (~1 X 10* cells per well in 100 pl), and
incubated for 18 h at 37°C. Vero cells in triplicate were then overlaid with
ricin (1 ng) or ricin-MAb mixtures for 2 h, washed to remove unbound toxin,
and scored 40 h later for viability using a nonradioactive 3-(4,5-dimethylthia-
zolyl-z)-2, 5-diphenyltetrazolium bromide proliferation assay kit (ATCC)
(31).
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IL-8 secretion by 28SC cells in response to ricin. The human monocyte/
macrophage cell line 28SC (CRL-9855; ATCC) was propagated in Iscove’s mod-
ified DMEM supplemented with 4 mM L-glutamine, 1.5 g/liter sodium bicarbon-
ate, 0.02 mM thymidine, 0.1 mM hypoxanthine, 0.05 mM B-mercaptoethanol,
and FBS (10% [vol/vol]), as described previously (14). For interleukin-8 (IL-8)
assays, semiconfluent monolayers of 28SC cells (1 X 10° cells per well) in six-well
tissue culture plates were overlaid with ricin (400 ng) or ricin-MAb mixtures for
2 h, washed, and then incubated in fresh toxin-free medium for an additional
40 h. IL-8 levels in cell supernatants were determined using a human IL-8 ELISA
kit from Bender Medsystems (San Bruno, CA).

Caco-2 and MDCK II cytotoxicity assays. Caco-2gg.; (CRL-2102; ATCC) and
MDCK II (CCL-34; ATCC) cells were maintained at 37°C and 5% CO, in
DMEM supplemented with 10% FBS. To establish confluent, polarized cell
monolayers, we seeded MDCK II cells (1 X 10°) on 0.33-cm? Transwell inserts
(3.0-pm pore size; Costar, Cambridge, MA) and incubated them for approxi-
mately 4 days. Caco-2 cells were treated similarly, except that they were seeded
onto Transwell inserts pretreated with rat tail collagen and then incubated for 10
to 14 days (12). Typically, transepithelial resistance values, as measured using an
EVOM epithelial voltohmmeter (World Precision Instruments, Sarasota, FL),
exceeded 200 Q) for MDCK II monolayers and 400 () for Caco-2 monolayers at
the time of use.

For protein synthesis inhibition assays, azide-free ricin (30 to 300 ng) was
mixed with control or antiricin IgA MAbs (2 pg) in DMEM (0.2-ml final volume)
for 1 h at room temperature and then applied to the upper chamber of a
Transwell filter containing an MDCK II or Caco-2 cell monolayer at 37°C. The
monolayers were washed with Hanks balanced salt solution 2 h later to remove
unbound toxin and incubated overnight in fresh DMEM. Cells were then rinsed
with methionine-cysteine-free DMEM and labeled for 2 h with [**S]methionine-
cysteine (10 wCi/ml) (Translabel; ICN). After repeated washings, the Transwell
filters were cut out from the plastic inserts, immersed in liquid scintillation fluid,
and subjected to scintillation counting. The results were expressed as percentages
of the incorporation in control samples not treated with toxin.

Ricin binding to human duodenal tissue sections. Paraffin sections of human
duodenal biopsies were obtained from the Department of Pathology at the
Children’s Hospital with prior approval from the Internal Review Board. Bio-
tinylated ricin (10 pg/ml) was incubated with IgA MAbs (20 pg/ml) for 1 h at
room temperature before being applied to deparaffinized tissue sections (5-pm
thick) of human duodenum. After 1 h, sections were washed with PBS and
labeled with streptavidin-fluorescein isothiocyanate (streptavidin-FITC) (50 pg/
ml; Pierce). Sections were fixed with 4% paraformaldehyde for 10 min, mounted
with glass coverslips, and visualized by fluorescence microscopy.

BSA and ASF binding assays. Nunc Maxisorb F96 microtiter plates were
coated with galactosylated BSA (0.1 pg/well; EY Laboratories, San Mateo, CA)
or asialofetuin (ASF; 0.4 pg/well) in PBS (pH 7.4) for 18 h at 4°C. Plates were
washed with PBS-T (0.05% [vol/vol]), blocked with BSA (2% [wt/vol] in PBS-T),
and then overlaid with biotinylated ricin (8.0 ng/ml) and IgA MAbs (20 pg/ml)
for 1 h. The plates were then washed to remove unbound toxin, labeled with
avidin-HRP (0.4 pg/ml), and developed using TMB, as described above.

Ricin transepithelial transport assays. We measured the transepithelial trans-
port of ricin across MDCK II cell monolayers by using a modification of a
previously described protocol (43). Biotinylated ricin (0.2 pg) and IgA MAbs (4
ng) were diluted in DMEM to a final volume of 0.2 ml and applied to the apical
polarized surfaces of MDCK II cell monolayers grown on porous Transwell
inserts (0.33 cm?). Eighteen hours later, biotinylated ricin in the lower chambers
of the Transwell inserts (i.e., basolateral supernatants) was recovered using
avidin-agarose beads (Pierce Chemical). The beads were boiled in Laemmli
sample buffer with B-mercaptoethanol (5% [vol/vol]), subjected to SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE), and transferred to nitrocellulose
membranes (0.45-pm pore size; Bio-Rad) via semidry electroelution. Biotinyl-
ated ricin bound to the nitrocellulose membranes was detected by blotting with
avidin-HRP followed by ECL, as described above.

RESULTS

Production of IgA MAbs against RTA and RTB. In a sepa-
rate study, we showed that i.g. immunization of mice with RT
induces antiricin IgA antibodies in serum and fecal extracts
and confers protection against subsequent i.g. ricin challenge
(J. M. Yoder, O. Sonuyi, and N. Mantis, unpublished data). To
test whether mucosal IgA antibodies elicited following RT
immunization are capable of protecting epithelial cells from
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TABLE 1. Monoclonal IgA Abs used in this study

Antibody Specificity Source
23D7 RTA This study
25A4 RTA This study
33G2 RTB This study
35H6 RTB This study
MOPC-315 DNP Sigma
TEPC-15 PC Sigma

“ DNP, dinitrophenyl; PC, phosphorylcholine.

ricin intoxication, we generated a collection of B-cell hybrid-
omas derived from the Peyer’s patches and mesenteric lymph
nodes of RT-vaccinated BALB/c mice. Of the several hundred
hybridomas that we screened from three independent fusions,
we identified 24 that secreted IgAs reactive with ricin. We also
identified 36 hybridomas secreting antiricin IgGs capable of
neutralizing ricin (C. McGuinness and N. Mantis, unpublished
data). Based on a number of criteria (e.g., subunit specificity,
neutralization activity, level of antibody production, and sus-
tained growth in culture), we chose four IgA MADs for further
study: two (23D7 and 25A4) are specific for RTA, and two
(33G2 and 35H6) are specific for RTB (Table 1).

Antiricin IgA MAbs recognize distinct epitopes on RTA
and RTB. IgA MAbs 23D7, 25A4, 33G2, and 35H6 bound to
ricin with virtually identical profiles, as determined by ELISA
(Fig. 1A). By using plates coated with purified ricin subunits,
we determined that 23D7 and 25A4 are specific for RTA,
whereas 33G2 and 35H6 are specific RTB (Fig. 1B and C).
23D7 bound RTA less well than did 25A4, even though the two
MADbs recognized the holotoxin with similar affinities (Fig. 1B).
We speculate that 23D7 recognizes an epitope on RTA that is
affected by the presence of the toxin’s B subunit. While 33G2
and 35H6 were indistinguishable from one another by ELISA,
Western blot analysis revealed that the two MADbs are in fact
distinct from each other. 35H6 recognized RTB in its reduced
form, whereas 33G2 did not (Fig. 2).

Anti-RTA and anti-RTB IgA MAbs neutralize ricin in vitro.
The ability of 23D7, 25A4, 33G2, and 35H6 to neutralize ricin
was tested in a Vero cell cytotoxicity assay. We chose Vero
cells as a reporter cell line because they are extremely sensitive
to Shiga-like toxins, including ricin (23, 44). Ricin (10 ng/ml)
was mixed with antiricin IgAs or TEPC-15, a control murine
IgA MAD with irrelevant specificity (Table 1), at a range of
concentrations and then applied in triplicate to Vero cell
monolayers grown in 96-well microtiter plates. The viability of
the Vero cell monolayers was determined 40 h later by means
of the MTT assay (10, 31). We observed that all four antiricin
IgA MAbs, 23D7, 25A4, 33G2, and 35H6, were capable of neu-
tralizing ricin, albeit with various degrees of efficacy (Fig. 3). In
contrast, TEPC-15 had no detectable neutralization activity at
any of the concentrations tested. 25A4 (anti-RTA) and 35H6
(anti-RTB) were the most potent neutralizing MAbs, with
each having an estimated 50% inhibitory concentration of
80 ng/ml.

We recently reported that the human monocyte/macrophage
cell line 28SC secretes IL-8 when exposed to ricin (14). To test
whether 23D7, 25A4, 33G2, and 35H6 could suppress the tox-
in-induced production of proinflammatory cytokines, ricin (200
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FIG. 1. Specificities of IgA MAbs for ricin and ricin subunits.
ELISAs were performed using microtiter plates coated with purified
(A) ricin, (B) RTA, or (C) RTB, and plates were probed with the
indicated concentrations of IgA MAbs. The following IgA MAbs were
tested: 25A4 (open triangles), 23D7 (open circles), 35H6 (filled dia-
monds), and 33G2 (filled squares). OD,s, optical density at 450 nm.
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FIG. 2. Differential reactivities of 35H6 and 33G2 with RTB by
Western blotting. Ricin and RTB were solubilized in SDS sample
buffer containing B-mercaptoethanol, size fractionated by SDS-PAGE,
and transferred to nitrocellulose membranes. Membranes were probed
with one of the IgA MADs (10 wg/ml) or with polyclonal goat antiricin
antisera (1:2,000) and were developed with appropriate HRP-labeled
secondary reagents. Lanes: 1, molecular weight markers; 2 and 3,
TEPC-15; 4 and 5, 35H6; 6 and 7, 33G2; and 8, goat antiricin. The
arrowheads to the right of lane 8 indicate the positions of RTA (open)
and RTB (filled).

ng) was mixed with each of the antiricin IgA MAbs (20 pg) or
each of two control IgA MAbs (TEPC-15 and MOPC-315)
(Table 1) and then applied to 28SC cells grown in six-well
tissue culture plates. IL-8 levels were measured by ELISA in
cell supernatants 40 h later. We detected a 10-fold increase in
IL-8 level in the supernatants of cells treated with ricin com-
pared to the levels in untreated control cells (Fig. 4). A similar
increase was observed for cells treated with ricin and TEPC-15
or MOPC-315. In contrast, there was no detectable increase in
IL-8 level over the background level in cell supernatants ex-
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FIG. 3. Neutralization activities of IgA MAbs in a Vero cell cyto-
toxicity assay. Ricin (10 ng/ml) was incubated at room temperature for
1 h with IgA MADs at the indicated concentrations and then applied in
triplicate to Vero cells (~2 X 10°) grown in 96-well microtiter plates.
Cell viability was measured 40 h later by the MTT assay. Cells grown
in parallel but not treated with ricin were used to define 100% viability.
Each datum point on the graph represents the average of triplicate
samples.
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FIG. 4. Antiricin IgA MAbs suppress ricin-induced IL-8 secretion
by human monocytes/macrophages. Ricin (200 ng/ml) was incubated
with control (TEPC-15 and MOPC-315) or antiricin (20 pwg/ml) IgA
MADs for 1 h and then applied in triplicate to 28SC cells grown in
six-well microtiter plates. Approximately 36 h later, the cell superna-
tants were collected and assayed for IL-8 by ELISA. Each bar repre-
sents the average, with SE, of triplicate samples.

posed concomitantly to ricin and 23D7, 25A4, 33G2, or 35H6.
These data indicate that all four of the antiricin IgA MAbs are
capable of preventing toxin-induced cytokine release by 28SC
cells.

Anti-RTA and anti-RTB IgA MAbs neutralize ricin on the
apical surfaces of polarized epithelial cell monolayers. Appli-
cation of ricin to the apical surfaces of polarized epithelial cell
monolayers (e.g., MDCK and Caco-2 cells) results in internal-
ization of the toxin by multiple endocytic mechanisms and in
an arrest in host cell protein synthesis (38, 43). To test whether
anti-RTA and/or anti-RTB IgA MAbs can protect polarized
epithelial cells from ricin-induced cytotoxicity, we incubated
ricin at three different concentrations (1.0, 0.3, and 0.1 pg/ml)
with 23D7, 25A4, 33G2, 35H6, or the control MAb TEPC-15
(10 pg/ml) for 1 h and then applied the mixture to the apical
surfaces of monolayers grown on permeable Transwell filters.
The cytotoxic effect of ricin was determined by measuring the
amount of incorporation of exogenous *>S-labeled cysteine-
methionine into total cellular protein 18 h later.

Each of the four antiricin IgA MADs protected polarized
MDCK II cell monolayers against ricin intoxication in a dose-
dependent manner (Fig. 5). For example, at the highest dose of
toxin tested (1.0 wg/ml), protein synthesis levels in monolayers
treated with an anti-RTA (23D7 or 25A4) or an anti-RTB
(33G2 or 35H6) IgA MAD were reduced 10 to 35% compared
to non-toxin-treated controls, whereas protein synthesis levels
in monolayers treated with TEPC-15 were reduced >95%.
When challenged with one-third less toxin (0.3 pg/ml), mono-
layers treated with any of the four antiricin IgA MADbs had
normal levels of protein synthesis, whereas levels of protein
synthesis in TEPC-15-treated cells were reduced by ~80%. We
obtained similar results when these studies were performed
using monolayers of Caco-2 cells, a human colon carcinoma-
derived epithelial cell line used widely as a model of absorptive
enterocytes (33; data not shown). We conclude that IgA MAbs
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FIG. 5. Antiricin IgA MADs protect epithelial cells from ricin in-
toxication. Ricin at each of the indicated concentrations was incubated
with IgA MADbs (20 pg/ml) for 1 h at room temperature and then
applied to the apical surfaces of MDCK II cell monolayers grown on
permeable Transwell filters. Eighteen hours later, the monolayers were
pulsed with [**S]Met-Cys. The amount of radioactivity incorporated
into cell monolayers was plotted as a percentage of that taken up by
control (no ricin treatment) monolayers. Each bar represents the av-
erage, with SE, of three separate experiments done in duplicate.

against either RTA or RTB, when applied concomitantly with
ricin, are capable of protecting polarized epithelial cell mono-
layers from the cytotoxic effects of ricin.

33G2 and 35H6 block toxin attachment to galactosides. We
hypothesized that IgA MADs directed against RTB may neu-
tralize ricin by interfering with toxin attachment to cell sur-
faces. We used an in vitro binding assay to test this hypothesis.
Biotin-labeled ricin was mixed with 33G2 or 35H6 and then
applied to 96-well microtiter plates coated with ASF, a serum
glycoprotein with terminal galactose residues that serve as
high-affinity receptors for ricin (4). In parallel, we also exam-
ined the effects of 23D7, 25A4, and TEPC-15 on ricin binding
in this assay. As expected, TEPC-15 had no effect on ricin
binding to ASF (Fig. 6). 33G2 and 35H6, on the other hand,
reduced ricin binding to ASF by 75% and 84%, respectively
(Fig. 6). Surprisingly, 25A4, which is an IgA against RTA,
reduced ricin binding to ASF almost as efficiently as the IgA
MADbs against RTB, whereas 23D7 had a minimal effect on
ricin attachment.

Based on these experiments, we postulated that 33G2 and
35H6 block toxin attachment to galactose residues by one of
two mechanisms, either receptor interference (i.e., binding to
an epitope located in one or possibly both of RTB’s carbohy-
drate recognition domains, thereby physically excluding mono-
or oligosaccharide occupancy) or steric hindrance (i.e., binding
to an epitope on a face of RTB that positions the antibody so
as to obstruct RTB’s contact with cell surfaces). We performed
competitive inhibition assays to distinguish between these pos-
sibilities. Microtiter plates coated with ricin were incubated
with high concentrations of galactose (5 mg/ml), lactose (5
mg/ml), galactosylated BSA (1 mg/ml), and ASF (1 mg/ml)
prior to being probed with 33G2 or 35H6. None of the ligands
tested interfered with binding of 33G2 and 35HS56 to ricin
(data not shown). Similar results were obtained when the li-
gands and MAbs were added simultaneously. We concluded
from these studies that 33G2 and 35H6 likely neutralize ricin
by steric hindrance rather than by receptor interference.
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FIG. 6. Anti-RTB IgA MAbs block ricin attachment to ASF. Bio-
tinylated ricin (8 ng/ml) was mixed with each of the indicated MAbs at
a saturating concentration (10 wg/ml) and overlaid in triplicate onto
ELISA plates coated with ASF. The plates were then washed and
developed using avidin-HRP and TMB, as described in Materials and
Methods. One hundred percent binding was defined as the value
obtained for wells probed with ricin in the absence of antibody.
Each bar represents the average, with SE, of two samples per-
formed in duplicate.

Anti-RTB, but not anti-RTA, IgA MAbs reduce ricin binding
to luminal surfaces of human duodenum. The luminal surfaces
of intestinal enterocytes in vivo are coated with a thick, glyco-
protein-rich filamentous brush border glycocalyx, which does
not fully develop on epithelial cell lines grown in culture (11,
13). Because the filamentous brush border glycocalyx repre-
sents a potential high-avidity binding site for ricin, we tested
whether antiricin IgA MAbs were capable of reducing (or
preventing) ricin attachment to the luminal surfaces of human
duodenum. Biotinylated ricin was incubated with individual
MADs for 1 h and then overlaid onto deparaffinized tissue
sections of human duodenum. The sections were then stained
with avidin-FITC and visualized by fluorescence microscopy.
As observed previously (28), ricin uniformly labeled the lumi-
nal surfaces of intestinal villi (Fig. 7A). Treatment of ricin with
the monoclonal antibody 33G2 reduced toxin binding to the
luminal surfaces to nearly undetectable levels (Fig. 7B), con-
sistent with what we observed on Caco-2 cell monolayers (data
not shown). Treatment of ricin with 35H6 prior to its applica-
tion to tissue sections resulted in a visible reduction in the
amount of toxin attached to epithelial surfaces (Fig. 7C). How-
ever, 35H6 promoted the formation of large Ab-toxin com-
plexes that were imaged as fluorescent speckles evenly distrib-
uted over the surfaces of the microscope slides; we were unable
to remove these by repeated washings. 23D7 (Fig. 7D) had no
discernible effect on toxin attachment to the human tissue
sections compared to slides treated with ricin alone or with
ricin plus TEPC-15 (Fig. 7E). We concluded that 33G2 and
35H6 can block ricin attachment to the luminal surfaces of
human intestinal epithelial cells.

Anti-RTA IgA MAbs reduce ricin transepithelial transport.
Because MAb 23D7 had minimal effects on ricin attachment to
epithelial cells, we hypothesized that it neutralizes ricin intra-
cellularly, as proposed for other MAbs (26). Similarly, we pos-
tulated that 23D7 may also potentially interfere with intracel-
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FIG. 7. Anti-RTB IgA MADs inhibit ricin binding to the luminal surfaces of the human duodenum. Biotinylated ricin (5 pg/ml) was incubated with
each of the indicated IgA MAbs (20 wg/ml) and then overlaid for 1 h onto deparaffinized tissue sections of human duodenum. The sections were washed,
labeled with streptavidin-FITC, and visualized by fluorescence microscopy. (A) Ricin uniformly labeled the luminal surfaces of human intestinal villi.
Occasional goblet cells were also labeled (bottom center). (B) 33G2 reduced ricin binding to luminal surfaces to undetectable levels. (C) 35H6 reduced
toxin binding to luminal surfaces, but residual staining was observed on the surrounding glass surfaces. Neither 23D7 (D) nor TEPC-15 (E) had an effect
on ricin attachment to tissue sections compared to sections treated with ricin only. (F) Tissue section not labeled with ricin. Bar, 20 pm.

lular toxin transport, including transcytosis. We developed a
nonradioactive transcytosis assay, using biotinylated ricin and
polarized MDCK II cell monolayers, to test this hypothesis
(43). Biotinylated ricin was mixed with 23D7, 25A4, or TEPC-15
and then applied to the apical surfaces of polarized MDCK II
cell monolayers grown on permeable Transwell filters. We
collected ricin from the basolateral supernatants 18 h later by
using avidin-agarose beads, which were subsequently subjected
to reducing SDS-PAGE and Western blot analysis. Approxi-
mately 10% of the total amount of toxin that had been applied
to the apical surface of MDCK II cell monolayers was detected
in the basolateral compartment 18 h later (Fig. 8, lane 1).
Substantially less toxin was detected in the basolateral super-
natants from cultures to which ricin had been applied concur-
rently with 23D7 (Fig. 8, lane 4). As expected, 25A4 also
interfered with transepithelial transport due to its ability to
reduce toxin attachment to cell surfaces (Fig. 8, lane 5),
whereas TEPC-15 did not.

DISCUSSION

Several studies have demonstrated a positive correlation be-
tween mucosal immunity to ricin and levels of antiricin IgA
antibodies in mucosal secretions (15, 16, 22, 46). However,
discerning the role of S-IgA in protecting epithelial cells from
ricin in vivo has been confounded by a number of factors,
including the presence of antitoxin serum IgG antibodies and

the difficulty in accurately measuring “local” IgA concentra-
tions and specificities. For this study, we addressed this issue in
vitro by using well-defined polarized epithelial cell monolayers
and monoclonal IgA antibodies with known specificities. Our
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FIG. 8. Anti-RTA IgA MADbs reduce transcytosis of ricin across
polarized epithelial cell monolayers. Biotinylated ricin (200 ng) was
incubated with the indicated IgA MADs (2 pg in DMEM) in a volume
of 0.2 ml for 1 h and then applied to the apical surfaces of polarized
MDCK II cell monolayers. Eighteen hours later, ricin in the basolat-
eral compartments was collected using avidin-agarose beads, which
were then subjected to SDS-PAGE and Western blot analysis, as
described in Materials and Methods. As positive and negative controls,
samples of DMEM containing ricin (200 ng) (lane labeled “standard”)
or no ricin (negative control) were treated in parallel.
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study shows conclusively that IgA antibodies against RTA or
RTB, when present on the apical surfaces of epithelial cells,
are capable of fully neutralizing ricin. As the predominant class
of antibody found in the secretions of the upper respiratory
tract and the entire length of the gastrointestinal tract, S-IgA is
undoubtedly an important first line of defense against the
promiscuous toxin ricin. Our future studies will take advantage
of the so-called “backpack tumor” model (20) to test in vivo
whether IgA alone is capable of protecting animals from a
lethal dose of ricin administered by inhalation or ingestion.

33G2 represents a class of neutralizing IgA MADbs we ex-
pected to identify from mice immunized with RT. Like neu-
tralizing IgAs against cholera toxin (1), 33G2 targets the toxin
binding subunit of ricin and blocks toxin attachment to galac-
toside receptors on cell surfaces. Evidence presented in this
study suggests that 33G2 functions by steric hindrance. It is
somewhat perplexing how this is achieved, considering that
RTB has two galactose binding sites (a low-affinity site and a
high-affinity site) that work independently and are separated
by 70 A (37). Both galactose binding sites must be obstructed
to block ricin attachment to cell surfaces (41). We have tenta-
tively determined that 33G2 recognizes an epitope adjacent to
the high-affinity galactose binding site (C. McGuinness, T.
Dembo, and N. Mantis, unpublished results), which suggests
that the antibody’s Fv region blocks one sugar binding site,
while the Fc region blocks the other.

The mechanism by which 35H6 neutralizes ricin is different
from that of 33G2. 35H6 induced the formation of what we
postulate are toxin-MAb aggregates, which demonstrated a
propensity to stick to glass surfaces. We hypothesize that these
aggregates may be the result of 35H6 cross-linking ricin, al-
though this remains to be tested. To promote cross-linking,
35H6 would need to recognize a protein or carbohydrate
epitope on RTB that is present in multiple copies. We have
ruled out the latter possibility, as the removal of RTB’s two
high-mannose type N-linked oligosaccharide side chains did
not alter 35H6 binding to ricin or abolish the formation of
toxin-MADb complexes (McGuinness and Mantis, unpublished
results). It is therefore more likely that 35H6 recognizes a
repeated peptide epitope. This is entirely possible considering
that RTB consists of six 40-amino-acid peptide repeat ele-
ments that arose via gene duplication (37). We are especially
interested in understanding how 35H6 functions because it
neutralizes ricin better than the IgG that currently serves as the
“gold standard” in the field (24, 35).

IgA MADs against RTA, namely, 23D7 and 25A4, were as
effective as IgA MADs against RTB at protecting epithelial
cells from ricin intoxication. While this was not an unexpected
finding considering that neutralizing IgGs directed against
RTA have been described previously (8, 24, 26, 47), the mech-
anism(s) by which these MAbs function remains unknown. It is
generally accepted that anti-RTA MAbs exert their effects
intracellularly. Some data presented in this study support this
model. 23D7, for example, did not visibly reduce ricin attach-
ment to the human duodenum, although the MAD protected
MDCK II cell monolayers from toxin-mediated protein syn-
thesis inhibition. On the other hand, 25A4 did reduce ricin
binding to ASF in a microtiter plate assay, demonstrating that
antibodies against RTA can function extracellularly by inter-
fering with ricin attachment to galactosides. Indeed, 25A4 is
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not unique, as we have identified other IgAs and IgGs that act
similarly (McGuinness and Mantis, unpublished data).

23D7 could neutralize ricin intracellularly by one of several
mechanisms. Biochemical and genetic evidence indicates that
ricin undergoes vesicular retrograde transport to the endoplas-
mic reticulum (ER), where RTA is unfolded and delivered
across the ER membrane by the Sec61 complex (25, 36). The-
oretically, 23D7 could interfere with vesicular transport from
the early endosomes to the ER or with retrotranslocation of
RTA across the ER membrane. 23D7 could serve as a para-
digm for understanding how MAbs against enzymatic subunits
of A-B toxins neutralize them intracellularly. Shiga toxin ex-
ploits a similar intracellular retrograde transport pathway, and
neutralizing humanized MAbs against the A subunit are being
considered for clinical trials (42).

The transport of ricin across polarized epithelial cell mono-
layers was first reported by van Deurs and colleagues (43), who
used MDCK II cells grown on permeable filters. We confirmed
in this study that ricin is capable of breaching MDCK II cell
monolayers and demonstrated for the first time that MAbs
directed against RTA can reduce toxin transepithelial trans-
port. The amount of ricin that is transcytosed by intestinal
epithelial cells in vivo is unknown, despite the fact that this
information has implications for vaccine and therapy design.
For example, if ricin is rapidly and effectively transported
across the epithelial barrier, then a postexposure therapy ad-
ministered systemically would be more effective than a therapy
administered mucosally. On the other hand, if ricin remains
localized within epithelial cells, then an oral therapy would be
expected to be more beneficial than a systemic therapy.

The results from this study may have implications for the
delivery of ricin vaccines to humans (29, 40). Our data suggest
that stimulation of S-IgA against RTA or RTB in secretions
will confer protection against ricin intoxication of mucosal
epithelia. However, it is well established that S-IgA Abs are
induced following mucosal vaccination, not systemic vaccina-
tion (5, 27, 30). Considering that both the respiratory and
gastrointestinal tracts are susceptible to ricin intoxication, the
efficacies of the vaccines currently under development should
be evaluated following both intranasal and i.g. delivery. Intra-
nasal immunization is a particularly attractive route for muco-
sal vaccine delivery, given that it stimulates S-IgA antibody
secretions and IgG in serum (46) and avoids the harsh, pro-
tease-rich environment of the gastrointestinal tract.
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