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Immunoglobulin A (IgA) monoclonal antibodies (MAbs) directed at the conserved inner core protein VP6 of
rotavirus, such as the IgA7D9 MADb, provide protective immunity in adult and suckling mice when delivered
systemically. While these antibodies do not have traditional in vitro neutralizing activity, they could mediate
their antiviral activity either by interfering with the viral replication cycle along the IgA secretory pathway or
by acting at mucosal surfaces as secretory IgA and excluding virus from target enterocytes. We sought to
determine the critical step at which antirotaviral activity was initiated by the IgA7D9 MAb. The IgA7D9 MAb
appeared to directly interact with purified triple-layer viral particles, as shown by immunoprecipitation and
immunoblotting. However, protection was not conferred by passively feeding mice with the secretory IgA7D9
MADb. This indicates that the secretory IgA7D9 MAb does not confer protection by supplying immune exclusion
activity in vivo. We next evaluated the capacity of polymeric IgA7D9 MAD to neutralize rotavirus intracellularly
during transcytosis. We found that when polymeric IgA7D9 MAb was applied to the basolateral pole of
polarized Caco-2 intestinal cells, it significantly reduced viral replication and prevented the loss of barrier
function induced by apical exposure of the cell monolayer to rotavirus, supporting the conclusion that the
antibody carries out its antiviral activity intracellularly. These findings identify a mechanism whereby the
well-conserved immunodominant VP6 protein can function as a target for heterotypic antibodies and protective

immunity.

Rotavirus (RV) is the main cause of severe diarrhea in
young infants worldwide and is responsible for 611,000 deaths
per year (36). Two vaccines based on attenuated live viruses
have recently completed successful phase III clinical trials and
showed efficacy in preventing severe RV diarrhea caused by
multiple serotypes (45, 50). However, the relevant immune
effectors required for achieving protection against diverse cir-
culating strains are still a matter of considerable debate. While
CD8™ T cells facilitate the timely clearance of rotavirus infec-
tion, B cells with the appropriate pattern of mucosal homing
receptors and antibody production have been demonstrated as
crucial for protection from reinfection (17, 24).

Neutralizing antibodies against RV that block viral replica-
tion in cell culture are felt to play a major role in defense. A
variety of passive antibody transfer studies in animals (28), as
well as immunization studies using selected rotavirus reassor-
tants in humans (7), have demonstrated a clear role for VP4
and VP7 in protective immunity. Neutralizing antibodies are
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directed against the outer shell VP4 and VP7 proteins, whose
variable antigenic specificities define multiple serotypes, as-
signed as P and G serotypes, respectively (41). Worldwide, the
G1-to-G4 serotypes associated with P4 and P8 and the more
recently described G9/P6 or P8 serotypes are globally impor-
tant rotavirus G/P combinations in humans (47). This diversity
suggests that VP4- and VP7-encoding segments from many
strains might have to be included in vaccines to provide broad
immunity to reinfection with multiple serotypes. However, a
body of evidence from animal studies indicates that either
humoral or cell-mediated immunity directed at the intermedi-
ate capsid VP6 protein can also mediate protection, at least in
some animal models (3, 5, 15, 32, 48). Of note, one of the two
recently introduced human rotavirus vaccine only contains a
single VP4 and VP7 serotype specificity but is clearly able to
induce heterotypic protective immunity (45). Interestingly
VP6, which represents 51% of the virion by mass, is antigeni-
cally conserved among most circulating group A RV strains
and could, therefore, provide heterotypic protection (40).

In mucosae, polymeric immunoglobulin A (pIgA), compris-
ing four heavy and light chains and the associated J chain,
binds to the polymeric Ig receptor (pIgR) at the basolateral
pole of epithelial cells. Following vectorial transport to the
apical surface, it is released in the lumen attached to a pro-
teolytic product of the pIgR called secretory component (SC),
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giving rise to secretory IgA (sIgA) (8). It is generally accepted
that sIgA prevents microbial infections by forming immune
complexes responsible for “immune exclusion” (i.e., the pre-
vention of pathogen interaction with the target mucosal cell).
The possible mechanisms involved in immune exclusion in-
clude competition for adhesion sites on target cells, blockade
of motility of bacterial pathogens, and trapping in the mucus
layer for which sIgA-immune complexes display strong affinity
(43). In a previous study, we showed that the polymeric Ig
secretory pathway plays a key role in the protection induced by
intranasal immunization with virus-like particles (VLP) made
exclusively of VP2 and VP6 proteins (VLP2/6) (48). Two plau-
sible mechanisms could explain these findings: (i) the anti-VP6
pIgA could interfere with the viral life cycle during its intra-
cellular transcytosis along the pIgR vesicular pathway, or (ii)
the anti-VP6 sIgA could react with triple-shelled particles in
the gut lumen through holes in the capsid or via areas of partial
decapsidation (49) and thus exclude the antibody-particle com-
plexes in the intestinal mucus layer and prevent infection.

Several anti-VP6 IgA monoclonal antibodies (MAbs), in-
cluding the IgA7D9 MADb, when used in hybridomas in back-
pack experiments, were found protective in mice and could
clear chronic infection in SCID mice (3). However, the same
IgA MAD lacking SC was not protective when fed orally and
was not neutralizing in classical in vitro assays using nonpolar-
ized cells (3, 15). At the molecular level, anti-VP6 IgA7D9
MAD blocked viral transcription in vitro by introducing a con-
formational change in the VP6 trimer (15). Furthermore,
IgA7D9 MAb competed with VP7 in binding to VP6, thus
potentially perturbing VP7 assembly onto VP6 (20). Although
suggesting intracellular neutralization, these in vivo and in
vitro experiments provided only indirect information as to the
possible mechanism of IgA7D9 MAb-mediated protection in
the physiological context.

In order to directly determine at which biological step anti-
VP6 IgA MAD interferes with rotavirus production, we tested
the antiviral function of purified pIgA7D9 MAb and SIgA7D9
MAb in two complementary experimental settings: (i)
SIgA7D9 MADb, assembled by association of purified SC and
pIgA7D9 MAD, was delivered orally to mice, and its capacity to
inhibit virus replication in the intestine was examined; (ii) the
intracellular neutralizing potential of pIgA7D9 MAb was eval-
uated during transport from the basolateral compartment of a
polarized epithelial cell monolayer mimicking the intestinal
barrier.

MATERIALS AND METHODS

Preparation of pIgA7D9 and SIgA7D9. Ascites fluid (30 ml) was obtained from
BALB/c mice inoculated intraperitoneally (i.p.) with 2 X 10° IgA7D9 hybridoma
cells (3). Hybridoma IgA2A10 (anti-VP4 rhesus monkey rotavirus [RRV] MAb)
(19) and hybridoma IgACS5 (anti-Shigella flexneri lipopolysaccharide [LPS] MAD)
(39) were grown in Celline-350 cartridges (Vitaris, Baar, Switzerland) in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM glu-
tamine, 2 mM sodium pyruvate, 10 mM HEPES (pH 7.0), 0.1 mM folic acid, 100
U/ml penicillin, and 100 pg/ml streptomycin. Preparations were loaded onto two
successive Sephacryl S-300 columns (1 m by 2.6 cm; Amersham Biosciences),
equilibrated and run in phosphate-buffered saline (PBS), coupled to an Akta-
Prime automated fraction collector (13). Samples of column fractions were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under nonreducing conditions, and those containing pIgA, as confirmed
by immunoblotting using anti-alpha chain and anti-J chain antisera (42), were
pooled. Purified SC was obtained from stably transfected CHO cells (38).
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Reconstitution of sIgA was performed by combining, in 5 ml of PBS, 4 mg of
purified pIgA with 1.2 mg of purified SC (13). The excess SC was separated by
fast protein liquid chromatography using a Superdex 200 column (1 m by 1.6 cm;
Amersham Biosciences). The association between SC and pIgA was confirmed
by subjecting the protein to SDS-PAGE under nonreducing conditions that
allowed the detection of covalent and noncovalent sIgA complexes following
immunoblotting with rabbit anti-SC antiserum (26).

Viruses. For the in vivo study, a crude stock of wild-type murine RV which
causes epizootic diarrhea of infant mice (Cambridge ECw, P[16], G3) was pre-
pared as intestinal homogenates from 4-day-old BALB/c neonates. The titer of
ECw in 6-week-old adult mice was determined as previously described (14) and
was found to correspond to 1 X 10® shedding doses 50 (SDs,) per ml. For the in
vitro study, RRV stock was generated in MA104 cells after a 24-h preincubation
of the cells in a serum-free culture medium. Viruses were treated with 0.5 pg of
trypsin per ml for 30 min, and MA104 cell monolayers were infected at a
multiplicity of infection (MOI) of 1. After 1 h of adsorption at ambient temper-
ature with gentle shaking, the inoculum was removed, and infected cells were
incubated in fresh medium containing 0.5 pg of trypsin per ml. After complete
cytopathic effect was obtained (usually within 5 days), the cultures were submit-
ted to three freeze-thaw cycles, and cell debris was cleared by centrifugation at
2,200 X g. Virus titer in the supernatant was determined by plaque assay on
MA104 cells as previously described (6).

Immunoprecipitation of RV by different molecular forms of IgA7D9 MAb.
Purified rotavirus triple-layer particles (TLP) (50 pg) (25) were incubated for 2 h
at ambient temperature with 50 and 500 pg of pIgA7D9 MAD or 62.5 and 625 pg
of SIgA7D9 MAD, respectively, in a final volume of 800 pl of PBS. Goat
anti-mouse IgA (Sigma, St. Louis, MO) diluted 1:500 was added, and the mixture
was left with gentle shaking for 1 h prior to addition of 50 pl of protein
G-Sepharose (settled beads) equilibrated in PBS. After 1 h at ambient temper-
ature, the beads were washed three times with TENT (50 mM Tris-HCI [pH 7.5],
5 mM EDTA, 150 mM NaCl, 0.05% Triton X-100). Bound proteins were eluted
by boiling in SDS-PAGE loading buffer (50 mM Tris-HCI [pH 6.8], 100 mM
dithiothreitol, 10% glycerol, 2% SDS, 0.1% bromophenol blue) and loaded onto
a 12% polyacrylamide gel in 0.1% SDS. Following transfer onto a polyvinylidene
fluoride membrane, nonspecific binding sites were blocked by incubation in 5%
nonfat dry milk in PBS-0.05% Tween 20 (Bio-Rad, Hercules, CA), and the
membrane was probed for 2 h using the 5.73 MADb to VP4/VP8* (33) diluted
1:500 in 0.5% nonfat dry milk in PBS-0.05% Tween 20. Bound MAb was
detected using horseradish peroxidase-conjugated goat anti-mouse IgG (1:3,000;
Sigma) followed by treatment with chemiluminescence reagents (Amersham
Biosciences) and exposure to autoradiography films.

In vivo immune exclusion assay. BALB/c mice (6 weeks old; Charles River
Laboratories) were shown to be free of RV-specific antibodies prior to vaccina-
tion by an enzyme-linked immunosorbent assay (ELISA) on serum samples.
They were housed in an A3 animal facility (Unité d’Expérimentation Animale
Rongeurs, Jouy-en-Josas, France) under the 78-20 license delivered by the “Di-
rection des Services Vétérinaires de Versailles” (France). Each mouse was in-
dividually marked. The assay was performed early in the morning in order to take
advantage of the relatively higher stomach pH at that time of the day.

In order to examine the in vivo protective efficacy of purified pIgA7D9 MAb
via the secretory pathway, a group of three mice was inoculated i.p. twice (1 mg,
then 400 wg) with pIgA7D9 MAD in PBS 16 and 2.5 h before viral challenge,
respectively. Groups of six mice were used for testing the luminal neutralization
of RV. Two hours before challenge and right after oral administration of 1.3%
buffering bicarbonate, preparations of SIGA7D9 MAD (500 pg), pIgA7D9 MAb
(400 pg), SC alone (200 pg), or PBS were given orally by esophageal gavage in
a final volume of 400 pl. Five minutes before challenge, the gavages were
repeated with doses representing one third of the initial dose. The mice were
infected with 1 X 10 SDs, of ECw murine virus after administration of 100 wl
1.3% buffering bicarbonate (48). Feces were then collected for each mouse in
order to monitor SIZA7D9 MADb transit. From challenge to day 7 (time point at
which no virus could be detected in the control PBS group), stools were har-
vested on absorbent paper from individual mice placed in independent cages on
a daily basis. The feces were kept at —20°C until processed for analysis of the
quantity of RV. The experiment was done three times.

Detection of SIgZA7D9 MADb in feces. Two fecal specimens were suspended in
500 pl of a mixture of 10 mM Tris (pH 7.4), 140 mM NaCl, 10 mM CaCl,, 25 mM
EDTA, 0.05% Tween 20, and 1% protease inhibitor cocktail (Complete Mini;
Roche, Basel, Switzerland). After a 45-min incubation on ice, the fecal suspen-
sions were frozen at —80°C, thawed, and spun down at 13,000 X g, and the crude
supernatants were tested for the presence of anti-VP6 activity by ELISA (48).
Serial dilutions of reconstituted complexes of SIgA7D9 MADb were used to
establish a standard curve. The sensitivity of the assay was 1 ng/ml. Feces were
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considered positive when the optical density (OD) value reached 0.2 or above.
The results were expressed as nanograms of SIgA7D9 MADb (inferred from the
standard curve) per ml of stool specimen.

Detection of RV antigens in feces. Detection of group A RV antigens in mouse
feces was performed using a commercial ELISA (IDEIA RV; Dako, Ely, Cam-
bridgeshire, United Kingdom) according to the manufacturer’s recommenda-
tions. Stools from noninfected mice were included as control samples and gave
a mean ODys, value of 0.02. The total fecal virus shedding for each mouse was
calculated by integrating the area under the shedding curve defined by the ODy,5,
of each feces sample (y axis) over the 7-day period of feces collection (x axis),
using Microcal Origin 5.0 software (37). Protection was determined by reduction
of viral shedding relative to that of the PBS-treated group.

Cells and culture conditions. Human colonic adenocarcinoma Caco-2 cells
were grown in Dulbecco’s modified Eagle’s medium (4.5% glucose; Sigma)
supplemented with 10% FBS (Sigma), 10 mM HEPES (pH 7.0), 1% nonessential
amino acids, 1% sodium pyruvate, 2 mM glutamine, 0.1% transferrin, 100 U/ml
penicillin, and 100 pg/ml streptomycin. For establishment of polarized monolay-
ers, Caco-2 cells cultivated to 80% confluency were seeded on Snapwell filters
(diameter, 12 mm; pore size, 0.4 pm; Corning Costar Corporation, Cambridge,
MA) at a density of 2 X 10° cells/cm?. The formation of a polarized Caco-2 cell
monolayer at week 3 was established by morphology and monitoring of the
transepithelial electrical resistance (TER) using a Millicell-ERS apparatus
(Millipore, Bedford, MA) (10). The TER values ranged between 350 and 400 ) X
cm? Embryonic rhesus monkey kidney MA104 cells were grown in Earle’s
minimal essential medium (Invitrogen, Carlsbad, CA) supplemented with 10%
FBS, 20 mM HEPES (pH 7.0), 2 mM glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin. All cell lines were maintained at 37°C in a 5% humidified
CO, incubator.

Virus infection of, and intracellular neutralization in, polarized Caco-2 cells.
An RRYV virus inoculum was activated for 30 min by treatment with 0.5 wg of
trypsin per ml. Caco-2 cells grown on Transwell filters were cultured without FBS
in the apical compartment for 24 h and were then infected apically with the
trypsin-treated inoculum at an MOI of 2 or 10 for 1 h at ambient temperature.
The inoculum was then removed, and FBS-free fresh medium containing 0.5 pg
of trypsin per ml was added. Infected cells were incubated at 37°C for the
indicated experimental time and processed postinfection to measure stability of
TER (20 h). Equimolar amounts of pIgA (5 pg/ml) or monomeric IgA (mIgA;
2.5 pg/ml) antibody were added 4 h prior to infection in the basolateral com-
partment. Virus release in the apical cell culture medium from infected filter-
grown Caco-2 cells in the presence of basolateral antibodies was determined at
20 h postinfection by plaque assay on MA104 cells as previously described (6).
The experiment was done twice under each condition in triplicate.

Cell viability measurements. Polarized monolayers of Caco-2 cells were
washed once with PBS to remove desquamated cells (usually less than 10 to 15%
at 24 h postinfection), Snapwell filters were detached from the insert, and cells
attached to the membrane were exposed to a solution of 0.25% trypsin-1 mM
EDTA (Sigma) for 5 min. Cells were recovered by centrifugation, resuspended
in FBS-free medium containing 0.1% trypan blue, and counted using a hema-
cytometer. Percent viability was assessed using the formula [(total cells — stained
cells)/total cells] X 100.

RESULTS

Purified pIgA7D9 and SIgA7D9 interact with TLP. We first
prepared biochemically defined pIgA7D9 and SIgA7D9 MAbs
for subsequent in vivo oral administration. Ascitic fluid prep-
arations of pIgA7D9 MAb were separated by size exclusion
chromatography, the pIgA fraction was isolated, a portion was
associated in vitro with SC, and the resulting SIgA7D9 MAb
complex was purified by another size exclusion chromatogra-
phy as described previously (13). The quality of the prepara-
tions was assessed by electrophoresis under nonreducing con-
ditions followed by immunodetection analysis. Most SIgA7D9
and pIgA7D9 MADb was found in the polymeric form (Fig. 1A)
containing covalently bound J chain (Fig. 1B). SIgA7D9 MAb
was made of covalently assembled complexes, with some SC
not covalently bound (Fig. 1C), as previously reported (26).

Preliminary experiments demonstrated that cesium chloride
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FIG. 1. Western blot analysis of the pIgA7D9 MAb, SIgA7D9
MAD, and SC preparations. Polymeric IgA7D9 MAD, reconstituted
SIgA7D9 MADb, and SC were purified by size-exclusion chromatogra-
phy and analyzed by Western blotting under nonreducing conditions.
(A) pIgA7D9 and SIgA7D9 MAbs were revealed with horseradish
peroxidase-coupled anti-murine IgA serum. (B) Both polymeric forms
contained the J chain, reflecting proper assembly. (C) Expected cova-
lent and noncovalent association of SC and pIgA7D9 MAb was con-
firmed upon immunodetection with anti-SC antiserum. Molecular
mass markers (kDa) are indicated alongside the sample lanes.

density gradient-purified TLP were recognized by the
pIgA7D9 MAD in ELISA (data not shown). However, a small
proportion of double-layered particles are generally present in
a purified-TLP preparation, and thus a positive signal in
ELISA does not necessarily indicate that the anti-VP6 7D9
MAD actually reacts with TLP. Therefore, immunoprecipita-
tion studies of RV with pI[gA7D9 MADb or SIgA7D9 MAD were
conducted. Detection of a 28-kDa band corresponding to VP4-
derived VP8* was used to establish that TLP were bound by
both pIgA7D9 MAb and SIgA7D9 MAD (Fig. 2). Together,
these data suggest that immune complexes can form between
IgA7D9 and RV TLP, with TLP being mostly complete yet
containing some partially uncoated viruses, as observed by
electron microscopy (data not shown). Hence, it was reason-
able to determine if such anti-VP6 antibodies were capable of
offering passive protection in mice after oral feeding.
Inhibition of viral replication by pIgA7D9 does not involve
immune exclusion in vivo. Two different protocols of passive
administration were used to assess in vivo whether protection
mediated by purified pI[gA7D9 can be achieved. We first in-
jected i.p. purified pIgA7D9 MAD into three mice 16 h (1 mg)
and 2.5 h (400 pg) before viral challenge (Fig. 3A, i.p.). This
treatment led to a 51.0% = 0.7% reduction of viral shedding
(Fig. 3B) as compared to the level in mice given PBS (P <
0.005) in accordance with previously published data (15). Im-
portantly, anti-VP6 activity was detected in the stools of the
inoculated mice at the time of challenge and corresponded to
12, 9, and 6 ng/ml SIgA7D9 MAD (Fig. 3C). This raises the
possibility that the protection observed is mediated by
SIgA7D9 through immune exclusion in the intestinal lumen.
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FIG. 2. Interaction between RV TLP and pIgA7D9 or SIgA7D9
MAbDs. Immunoprecipitation (IP) of RV TLP was performed with two
quantities (50 wg and 500 pg) of pIgA7D9 MADb and equimolar
amounts (62.5 pg and 625 pg) of SIgA7D9 MAb. Following protein
separation by SDS-PAGE, detection of VP8* by specific 5.73 MADb
indicates that TLP are recognized by the two molecular forms of the
anti-VP6 MAb, namely pIgA7D9 MADb (lanes 1 and 2) and SIgA7D9
MAD (lanes 3 and 4). No signal was observed in the absence of IgA7D9
MAD (lane 5) or with 500 pg of irrelevant pIgAC5 MAD (lane 6).

However, in a prior work, passive oral administration of pIgA
did not block viral replication in mice (3). We postulated that
in the previous oral feeding studies, the normal IgA molecular
form present in secretions, i.e., sIgA, was not used, and hence
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stability of the orally administered antibody molecule might
not have been ideal. For optimal assessment of oral delivery,
mice (six per group) were fed (2 h and 5 min before challenge)
with SIgA7D9 MAD (500 wg and 170 pg), pIgA7D9 MAb (400
pg and 130 pg), SC (200 g and 70 pg), or PBS (Fig. 3A, oral).
No significant reduction in viral shedding was observed in any
of the SIgA7D9 MAb-fed mice nor in the pIgA7D9 MAD- and
SC-fed groups (Fig. 3B). Protection was not seen despite the
fact that three out of six mice had, at the time of challenge,
amounts of SIgA7D9 MAD in the stools comparable to those
found in the i.p.-injected group (30, 10, and 9 ng/ml feces; Fig.
3C). Overall, these data show that protection mediated by the
anti-VP6 IgA7D9 MADb does not rely on immune exclusion in
the intestinal lumen, thus prompting us to investigate intracel-
lular neutralization mechanisms.

Intracellular neutralization of RV by IgA7D9 MAb in po-
larized Caco-2 intestinal epithelial monolayers. As direct lu-
minal virus neutralization was not detected in vivo using either
pIgA7D9 or SIgA7D9 MAbs, we sought to examine the pos-
sibility of intracellular neutralization of the virus during trans-
cytosis of the antibody. To address this issue, we took advan-
tage of the observation made by Jourdan et al. (23) that
following apical infection of Caco-2 cell polarized monolayers,
RRYV is released almost exclusively from the apical surface
(99.9%) without any cell lysis. We thus postulated that addition
of test pIgA MAD to the basolateral compartment might con-
tribute to virus neutralization during transcytosis. We then
determined the optimal MOI that ensures infection of polar-

A
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FIG. 3. Oral feeding with SIgA7D9 does not reduce viral shedding. (A) Time frame summarizing the kinetics of i.p. and oral passive
administration of the various molecular forms of pIgA7D9 and SIgA7D9. (B) Mean percentages of reduction of virus shedding (+ standard error)
compared to the PBS group are reported from BALB/c mice inoculated i.p. with pIgA7D9 MAD or dosed orally with SIgA7D9, pIgA7D9 MAb,
and SC. A statistically significant difference was only achieved for viral shedding in the group receiving pIgA7D9 MAD i.p. (Student’s ¢ test, P <
0.005). Similar results were obtained in two other independent experiments. (C) Level of IgA7D9 MAb in mouse feces measured 2 h after passive
administration of pIgA7D9 MAD i.p. or SIgA7D9 MAD orally. BD, below the level of detection.
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FIG. 4. Intracellular neutralization of RRV by pIgA7D9 MAD. (A) Stability of the Caco-2 monolayer TER exposed to different virus MOI as
a function of time. (B) Transcytosis of the various IgAs used in this study and molecular forms thereof across Caco-2 cell monolayers was measured
by ELISA as the appearance of SIgA in the apical chamber 4 and 20 h after addition of the purified IgA MADbs in the basolateral compartment
(B). (C) The amount of IgA present in the basolateral chamber (5 wg/ml) is not limiting in the assay, as measured at 20 h.

ized Caco-2 cells and subsequent apical release within a time
frame appropriate for assessing possible protection by transcy-
tosed MADb. Figure 4A indicates that an MOI of 10 led to a
significant drop in TER at 20 h postinfection, confirming that
viral replication taking place within the epithelial cells affects
the integrity of the monolayer. Apical incubation of polarized
Caco-2 cells with medium lacking FBS did not artifactually
perturb the TER of the monolayer, which remained stable
during the time course of analysis (data not shown). We then
defined the kinetics of transcytosis for pIgA MADb (7D9, CS,
and 2A10). We demonstrated that transport of IgA began
within 4 h and was sustained at 20 h (Fig. 4B). This indicates
that pIgA antibodies on their way to the apical surface are
likely to be present within Caco-2 cells after 4 h. We found that
transport of pIgA MAD was highly specific, resulting in the
release of up to 100 ng per filter of sIgA MAD in the apical
compartment (Fig. 4B); as expected, no mIgA7D9 MAb un-
able to be bound by pIgR was recovered in the apical chamber
(Fig. 4B) and the amount of remaining IgA in the basal cham-
ber at 20 h indicates that the antibodies were not in limiting
quantities (Fig. 4C).

We then examined the effect of MAb on the maintenance of
Caco-2 cell polarization in the presence of apically adminis-
tered RRV. In comparison with cells incubated with the virus
alone, cells transporting pIgA7D9 MAb exhibited preserved

TER similarly to noninfected Caco-2 cells (Table 1). Mono-
meric IgA7D9 MADb not capable of transcytosis and nonspe-
cific pIgACS did not protect Caco-2 cells from infection, lead-
ing to a drop in TER (Table 1). The anti-VP4 pIgA2A10 MAD,
which is capable of neutralizing apical rotavirus (44), showed
only little if any effect on preservation of TER stability (Table
1). Appropriate cell viability was preserved at the end of the
assay (Table 1).

The impact of MAD transport during infection was further
assessed by measuring the level of the viral progeny secreted
into the apical chamber. In the absence of MADb, a rotavirus
titer above 107 PFU/ml was found in the apical well, which
decreased to 10° to 10* PFU/ml in the presence of pIgA7D9
MAD (Table 1). Values in the same range as for virus alone
were observed using either mIgA7D9 or IgAC5 (Table 1).
Incubation with anti-VP4 IgA2A10 yielded a 50- to 100-fold
decrease in apical viral titer (approximately 10° PFU/ml),
which is likely explained by rapid transcytosis and subsequent
extracellular neutralization of a portion of the virus in the
apical chamber, as previously reported (44). This intracellular
neutralization phenomenon could be reproduced using polar-
ized intestinal HT29 cells (data not shown). The sum of these
data indicates that pIgA7D9 MAb acts intracellularly during
transcytosis across epithelial cells.

TABLE 1. Release of RRV from polarized Caco-2 epithelial cells®

Exptl setup for Antibody addition

% Cell viability

apical compartment (basolateral compartment)” % TER® on filters? Virus titer (PFU/mI)
RRV (MOI = 10) No antibody 26 =3 88 1.5 X 107-2.75 x 107
pIgA7D9 (5 pg/ml) 98 £5 93 5.75 X 10°-12.5 x 10°
mlgA7D9 (2.5 pg/ml)* 262 95 1.1 X 107-3.5 x 107
pIgACS (5 pg/ml) 274 90 1.75 X 107-4.5 x 107
plgA2A10 (Spg/ml) 384 88 2.5 X 10°-6 X 10°
No virus No antibody 100 94

“ Monolayers of 24-day-old Caco-2 cells grown on Transwell filters were infected with RRV at an MOI of 10 PFU/cell. At 20 h postinfection, media were collected

from apical chambers and analyzed for virus content by plaque assay.
> MAbs were added 4 h prior to infection.

¢ TER values are expressed as the percentage of TER measured in the absence of viral infection fixed at 100%.
@ Cell viability is expressed as the percentage of total live cells on membrane filters.
¢ IgA7D9 used in the form of a monomer was added at 2.5 wg/ml to yield an equimolar amount to polymeric IgA antibodies in the basolateral chamber.
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DISCUSSION

Our study demonstrates that the IgA7D9 MAD directed to
the VP6 inner core protein can neutralize rotavirus intracellu-
larly, most likely by an encounter with viral particles within the
host cell. The luminal secretory form of the same IgA did not
show any inhibition of viral replication in vivo after oral feed-
ing, arguing for the primary effect of the antibody taking place
inside cells. From a more general point of view, our findings
further support the notion that transcytosing pIgA antibodies,
together with the documented role of CD4 T cells (4, 31, 32),
contribute to the VP6-dependent heterotypic protection ob-
served in vivo.

In the course of this work, we confirmed prior observations
that pIgA7D9 MAD given i.p. interferes with viral replication
(15). In the present study, purified pIgA and not crude ascites
fluid was tested, further strengthening the conclusion that in-
hibition of viral replication was due to bona fide effects of
IgA7D9 MAb and not to other nonspecific activities poten-
tially present in ascites fluid or secreted from 7D9 hybridoma
cells. In addition, the observed reduction of viral shedding
supports the notion that the molecular form of the pIgA7D9
MADb used to prepare SIgA7D9 MAD is biologically active.
Administration of only two intraperitoneal doses (1.4 mg in
total) of antibody is the most likely explanation for the finding
that viral replication was not more completely abrogated. In
fact, Feng et al. (15) documented that full protection was
observed after daily injections of 3 mg IgA7D9 MAD over a
9-day period and that only limited protection was seen with a
lower dose.

One of our working hypotheses to explain the protective
efficacy of the IgA7D9 MAD was that it might interact with
infectious particles via spaces in the viral outer shell or other
forms of exposed VP6 and thereby could anchor the viral
immune complex in the mucus and prevent infection. How-
ever, our experiments demonstrated that we could not achieve
protection by passive oral administration of SIgA7D9 MAD
alone, as would be expected if our working hypothesis was
correct. It remains possible that polyclonal sIgA with a broader
spectrum of action or directed against other viral antigens,
including VP4 and VP7, might work by this mechanism. Actu-
ally, oral administration of milk from RV-immunized dams
protected suckling mice against challenge (34); protective ac-
tivity was detected in both the anti-rotavirus IgA and IgG
fractions, but IgA was more potent in vivo than IgG (34). The
use of a milk concentrate prepared from rotavirus-hyperimmu-
nized cows resulted in a significant reduction in the duration of
viral excretion in infants hospitalized for acute rotavirus gas-
troenteritis (1, 12, 21). However, milk from dams immunized
with VLP2/6 did not prevent diarrhea in suckling offspring (9),
while milk from VLP2/6/7-vaccinated mothers was protective,
indicating that sIgA directed at VP7, but not at VP6, could be
implicated in mediating immune exclusion.

One can argue that the amount of SIgA7D9 MAb (670 p.g)
given orally might not have been sufficient to confer protection
by passive administration. However, the concentration of fecal
SIgA7D9 recovered after oral delivery of SIgA7D9 in our
experiments was in the same order of magnitude as the amount
of specific fecal sIgA observed following nasal vaccination with
VP6 (31). It represents 35 times more antibody than the
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amount used to passively protect against a Shigella infection via
the nasal route in mice (38). Furthermore, 100 times less anti-
VP4 or -VP7 IgG, an isotype not optimal for protection at
mucosal surfaces, was sufficient to protect newborn mice from
RV challenge after oral administration (35). While passive
administration of sIgA is not strictly comparable to the phys-
iological transport of pIgA across the mucosae, it results in the
location of sIgA in mucus lining epithelial cells (38) and does
lead to comparable levels of VP6-reacting sIgA in feces. Taken
together, our data support the notion that IgA7D9 MAb acts
against rotavirus predominantly inside cells in vivo.

In most cases where intracellular neutralization by IgA has
been described, for human immunodeficiency virus (HIV) (2,
22), Sendai virus (18), and influenza virus (29), the active IgA
molecule was directed at a viral protein known to be the target
of extracellularly acting neutralizing antibodies. However, in
the case of RV, such neutralizing antibodies directed to VP4
(44) did not exhibit intracellular neutralization activity. Con-
versely, we show here that the anti-VP6 IgA7D9, which is
unable to inhibit viral replication in a classic neutralization
assay, can indeed mediate intracellular neutralization. The
mechanism involved is most probably associated with the
plgR-mediated transcystosis pathway. Polymeric Ig receptor-
mediated transcytosis of polymeric IgA occurs via a vesicular
pathway divided into three steps: step 1, internalization from
the basolateral plasma membrane into basolateral early endo-
somes; step 2, translocation from the basolateral early endo-
somes to the apical recycling endosomes (ARE); and step 3,
delivery from the ARE to the apical plasma membrane (27).
Step 3 is rate-limiting, resulting in accumulation of pIgA-pIgR
in the ARE. We propose that VP6, although first synthesized
in the cytosol, encounters IgA either before or after new viral
protein synthesis, leading to impediment of replication. This
hypothesis will be addressed in future studies. Rotavirus par-
ticles enter the cell through a still-debated mechanism, but
experiments showing that infection is a dynamin-dependent
phenomenon (46) strongly support the hypothesis that RV is
initially internalized via endocytosis. Thus, IgA7D9 MAb as-
sociated with pIgR could complex VP6 during transepithelial
transport in the ARE, the compartment where IgA-mediated
intracellular neutralization of HIV has been shown to occur (2)
and where LPS signaling in epithelial cells can also be blocked
(16). As previously hypothesized, IgA7D9 MAD could impede
viral transcription by causing subtle architectural rearrange-
ments within the VP6 capsid layer, reducing the enzymatic
activity of the viral RNA polymerase in the core (15). The fact
that this antitranscriptional property was limited to IgA7D9
MADb (15) may explain why all anti-VP6 antibodies are not
capable of intracellular neutralization (44). Actually, the struc-
ture of the VP6 epitope recognized by the anti-VP6 IgA is
probably crucial for intracellular neutralization to occur (44).
This might also explain why J chain-dependent protection was
observed when mice were immunized with VLP2/6 (48) and
not with recombinant chimeric VP6 (31). Alternatively, recent
studies have clearly identified a secretory transport pathway of
RV from the endoplasmic reticulum, through the endoplasmic
reticulum-Golgi intermediate compartment that eventually
leads to rotavirus secretion from the apical surface of the cell;
transcytosis of IgA7D9 might interact with VP6 during this
phase of assembly and release (11).
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Heterotypic protection observed after rotavirus infection
can involve several mechanisms. Using a specific anti-VP6 IgA
(IgA7D9), we show that intracellular neutralization can be one
of these mechanisms. Since humoral immunity has been im-
plicated in protection induced after live virus immunization
(17, 30), it is likely that heterotypic protection with anti-VP6
IgA MAD occurs primarily after natural infection or live virus
vaccination. However, when protection was generated by re-
combinant VP6 (5, 32) or by VLP2/6 (M. Conner, unpublished
results), CD4 T cells were found to play a pivotal role. Finally,
heterotypic neutralizing antibodies to VP7 and VP4 (28) may
also contribute to broad protection. Thus, heterotypic immu-
nity probably involves several distinct immunological pathways,
and this work illustrates that one anti-VP6 IgA MAD acts via
an intracellular neutralization mechanism.
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